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ACTIVE AND PASSIVE REMOTE SENSING OF ICE

FINAL REPORT

This annual report covers research under the sponsorship of the ONR contract

N00014-89-J-1107 from October 1, 1988 to September 30, 1992. We have published 44

journal and conference papers and 5 student theses during this period.

The theoretical approach that has been developed to interpret the polarimetric

active measurements of saline ice is a random medium model using the radiative transfer

theory. The ice layer is described as a host ice medium embedded with randomly dis-

tributed inhomogeneities, and the underlying sea water is considered to be a homogeneous

halfspace. Multiple scattering effects are accounted for by solving the radiative transfer

equations numerically. The effects of random roughness at the air - ice, and ice - water

interfaces are accounted for by modifying the boundary conditions in the radiative trans-

fer equations. Analysis of the model for reconstruction of sea ice parameters is made. An

optimization approach is used for inversion. The discrepancy between the data and the

results of the forward model is minimized by changing the inversion parameters according

to a nonlinear programming scheme. Reconstruction of correlation lengths in the horizon-

tal and vertical dimensions has been accomplished using the polarimetric backscattering

coefficients at different angles of incidence as input data. Effects of data diversity and

noise on the reconstruction of the physical parameters of sea ice from the backscattering

coefficients are being investigated.

Recent theoretical works have suggested the potential of passive polarimetry in the

remote sensing of geophysical media. It has been shown that the third Stokes parameter
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U of the thermal emission may become large for azimuthally asymmetric fields of abser-

vation. In one experiment, values of U of as high as 40 K were measured from a periodic

triangular soil surface at 10 GHz. In order to investigate the potential applicability of

passive polarimetry to the remote sensing of ocean surface, a numerical study of the po-

larimetric thermal emission from randomly rough ocean surface was performed. A Monte

Carlo technique utilizing an exact method for calculating thermal emission was chosen for

the study to avoid any of the limitations of the commonly used approximate methods in

rough surface scattering.

In this Monte Carlo technique, a set of finite rough surface profiles in two di-

mensions with desired statistics was generated. Each finite surface was then extended

periodically to create a set of infinite rough surfaces. The polarimetric thermal emission

from each surface of the set was then calculated using both the extended boundary con-

dition method and the method of moments. Finally, the results from the set were then

averaged to obtain the estimate of the polarimetric brightness temperatures for the given

surface statistics. The surface statistics chosen were intended to model a wind perturbed

ocean surface in the X to Xu band microwave region. For this purpose, a power law

surface spectrum corresponding to the capillary wave portion of the ocean spectrum was

chosen with rms surface heights corresponding to wind speeds of up to 10 m/s. The effects

of varying the azimuthal and polar looking angles, rms surface height, ocean permittivity,

exponent of the power law spectrum, and the necessary high and low frequency cutoffs of

the spectrum were investigated in this numerical study.

The results of the study indicate that the U parameter is sensitive to the azimuthal

angle between the surface periodicity and the looking angle and to the rms height of

the surface, and that the U parameter is fairly insensitive to variations in polar angle,

permittivity, surface power law spectrum, and surface spectrum high frequency cutoff.
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These properties give further strength to the idea of using the U parameter to detect wind

direction over the ocean.

We studied an anisotropic layer model with ellipsoidal scatterers for applications to

polarimetric remote sensing of geophysical media at microwave frequencies. The scattering

configuration includes an isotropic layer covering an anisotropic layer above a homogeneous

half space. The isotropic layer consists of randomly oriented spheroids. The anisotropic

layer contains ellipsoidal scatterers with preferential vertical alignment and random az-

imuthal orientations. Effective permittivities of the scattering media are calculated with

the strong permittivity theory extended to account for the non-spherical shapes and the

scatterer orientation distributions. Based on the analytic wave theory, the dyadic Green's

function for layer media is used to derive polarimetric backscattering coefficients under the

distorted Born approximation. The ellipsoidal shape of the scatterers gives rise to non-

zero cross-polarized returns from the untilted anisotropic medium even in the first order

approximation. The effect of rough interface is estimated by incoherent addition method.

Theoretical results and experimental data are matched at 9 GHz for thick first-year sea ice

with bare surface and with snow cover at Point Barrow, Alaska. The model is then used

to study the sensitivity of the scattering coefficients with respect to correlation lengths

representing the geometry of brine inclusions in the model for sea ice. Finally, polarimet-

ric signatures of bare and snow-covered sea ice are also simulated based on the model to

investigate effects of different scattering mechanisms.

A model to calculate the effective permittivity of saline ice under thermal variation

is presented in this paper. The model includes multi-phase inhomogeneities with multiple

species characterized by orientation, size, and shape distributions. The model is then

used to derive the effective permittivity as a function of temperature under the strong

fluctuation theory which is extended to account for the complexity. The results calculated

from the model are compared with experimental data at 4.8 GHz for saline ice grown at the •

DTIC QUALI INSPECTED 3
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US Army gold Regions Research and Engineering Laboratory (CRREL). The comparison

between measured and calculated complex permittivities is good for the imaginary part

and the difference is within 10% for the real part.

Fully polarimetric scattering of electromagnetic waves from snow and ice is stud-

ied with a multi-layered random medium model and applied to interpret experimental

data obtained under laboratory controlled conditions such as CRRELEX. The snow layer

is modeled as an isotropic random medium. The sea ice is described as an anisotropic

random medium due to the nonspherical shape of brine inclusions. The underlying sea

water is considered as a homogeneous half-space. The random media in both layers are

characterized by three-dimensional correlation functions with variances and correlation

lengths corresponding to the fluctuation strengths and the physical geometries of the inho-

mogeneities, respectively. The strong fluctuation theory is used to calculate the effective

permittivities of the random media. The distorted Born approximation is then employed

to obtain the covariance matrix which represents the fully polarimetric scattering prop-

erties of the snow-ice media. It has been shown that the polarimetric covariance matrix

contains more information than the conventional scattering coefficients on the remotely

sensed media.

In saline ice sheets under quiescent condition, the background ice grows in colum-

nar form and saline water is trapped between ice platelets in the form of brine inclusions

which are usually ellipsoidal. The ice tends to grow vertically downward rendering the

ellipsoidal inclusions aligned preferably in the vertical direction and the crystallographic

C axes parallel to the horizontal plane. In this case, the C axes are, however, random in

azimuthal direction. The strong fluctuation theory is extended to account for vertically

aligned ellipsoidal brine inclusions with C axes randomly oriented in the horizontal direc-

tion. The brine inclusions are described by three-dimensional local correlation functions.

D-5-



The configuration average over the azimuthal orientation angles is carried out in the pro-

cess of deriving the global correlation tensor. The distorted Born approximation is applied

to obtain the covariance matrix for the multi-layered snow-ice configuration. The theo-

retical results show non-zero cross-polarized returns under the first-order distorted Born

approximation. We have also compared the results with experimental data obtained by

the US Army Cold Regions Research and Engineering Laboratory (CRREL).

In sea ice, the scatterers can have various shapes, sizes, and permittivities. We

have also investigated the modeling of radar backscatter from random media with multiple

scatterer species. We consider each type of scatterers as a species which can take on a shape,

size, and complex permittivity different from other species. The multiple species in the

random medium are considered as randomly oriented ellipsoids and described by multiple

three-dimensional ellipsoidal local correlation functions. The variances and correlation

lengths of the correlation functions characterize the fluctuation strengths and the physical

geometries of each species of scatterers. The effective permittivity of the random medium

is derived under the strong fluctuation theory and the polarimetric scattering coefficients

are calculated for the layer configuration with the distorted Born approximation. Due

to the non-spherical shape and the random orientation of the scatterers, the correlation

coefficient between the HH and VV returns has a magnitude different from unity and a

small phase angle. The scattering coefficients are also used to calculate the Mueller matrix

for synthesis of polarization signatures. The co-polarized signature of the random medium

has a rather straight distortion track and a recognizable pedestal.

Accurate calibration of polarimetric radar systems is essential for the polarimetric

remote sensing of earth terrain. Polarimetric calibration algorithms using in-scene re-

flectors and distributed targets are studied. The transmitting and receiving ports of the

polarimetric radar are modeled by two unknown polarization transfer matrices. These

unknown matrices are determined using the the measured scattering matrices from the



calibration targets. For the case of polarimetric calibration using three in-scene reflec-

tors, a Polarization-basis Transformation (PT) technique is introduced to find out a new

transmitting and receiving polarization basis under which the scattering matrices of the

calibration targets will fall into one of six simpler sets. The calibration solution can then

be solved easily in the new polarization basis and converted to obtain the solution in the

original polarization basis. The uniqueness of polarimetric calibration using three targets

is addressed for all possible target combinations. The PT technique can also be applied

to the polarimetric calibration using a combination of arbitrary in-scene reflectors and

distributed targets. The effect of misalignment of calibration targets and the sensitivity

of polarimetric calibration algorithms to the noise are illustrated by investigating several

sets of calibration targets.

We have studied the SAR image classification by using the neural network meth-

ods. Supervised methods, including both conventional Maximum Likelihood (ML) and

more recent multi-layer perceptron neural network classifiers have yielded higher accuracy

than unsupervised techniques, but suffer from the need for human interaction to prede-

termine classes and training regions. In contrast, unsupervised methods determine classes

automatically, but generally show limited ability to accurately divide terrain into natural

classes. We introduced a new terrain classification technique to discriminate sea ice sig-

natures in polarimetric SAR images by utilizing unsupervised neural networks to provide

automatic classification, but employing an iterative algorithm which overcomes the poor

accuracy of other unsupervised techniques.

Several types of unsupervised neural networks are first applied to the classification

of SAR images, and the results are compared with those of more conventional unsupervised

methods. Neural network approaches include Adaptive Resonance theory (ART), Learning

Vector Quantization (LVQ), and Kohonen's self-organizing feature map. Conventional

classifiers utilized are the migrating means clustering algorithm and the K-means clustering
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method. Preprocessing is performed with the SAR images to reduce speckle noise and

stabilize the training process for the neural networks. Results after preprocessing show that

LVQ and Kohonen's self-organizing feature map outperform the conventional unsupervised

classifiers, but are still inferior to supervised methods.

To overcome this poor accuracy, an iterative algorithm is constructed where the

SAR image is reclassified using a Maximum Likelihood (ML) classifier. Training of the ML

classifier is performed using a training data set first classified by the above unsupervised

method, thus, requiring no human intervention, and preserving the unsupervised nature

of the overall classification scheme. The process is then repeated iteratively, training a

second ML classifier using data classified by the first. It is shown that this algorithm

converges rapidly, and significantly improves classification accuracy. Performance after

convergence is seen to be comparable to that obtained with a supervised ML classifier,

while maintaining the advantages of an unsupervised technique.

The unsupervised and iterative techniques developed have been applied to the

polarimetric SAR images of Beaufort sea ice acquired by the C-, L-, and P-band SAR

instruments of Jet Propulsion Laboratory. The results obtained with the new algorithms

are compared with the results obtained with other techniques by classifying terrain features

in polarimetric SAR images.

A multivariate K-distribution has been developed to model the statistics of fully

polarimetric radar data from earth terrain with polarizations HH, HV, VH, and VV. In

this approach, correlated polarizations of radar signals, as characterized by a covariance

matrix, are treated as the sum of N n-dimensional random vectors; N obeys the negative

binomial distribution with a parameter a and mean N. Subsequently, an n-dimensional

K-distribution, with either zero or nonzero mean, is developed in the limit of infinite N or

-8-



illuminated area. The probability density function (PDF) of the K-distributed vector nor-

rnalized by its Euclidean norm is independent of the parameter a and is the same as that

derived from a zero-mean Gaussian-distributed random vector. The above model is well

supported by experimental data provided by MIT Lincoln Laboratory and the Jet Propul-

sion Laboratory in the form of polarimetric measurements. The results are illustrated by

comparing the higher-order normalized intensity moments and cumulative density func-

tions (CDF) of the experimental data with theoretical results of the K-distribution.

Among the various theoretical models applied to study the electromagnetic wave

scatterings from geophysical terrain, such as snow and ice, the radiative transfer theory

has drawn intensive attention in the microwave remote sensing society during the past

years. In most of the scattering models, the volume scattering and the surface scattering

effects have been investigated separately. Recently, there has been a growing interest in

the construction of composite models which can take into account both types of scattering.

We derived the first order iterative solution to the vector radiative transfer equations for a

two-layer medium with a diffuse top boundary and an irregular bottom boundary of Gaus-

sian roughness. The Kirchhoff approximation and the geometrical optics approach with

shadowing correction are used in formulating the boundary conditions. To demonstrate

the utilities of the theory, randomly oriented spheroidal discrete scatterer model is used to

calculate the backscattering coefficients from soybean field in different growing stages and

compared to the experimental measurements. Good agreement has been achieved for both

the co-polarized and the cross-polarized data. It is observed that the presence of the rough

surface can significantly enhance the backscattering at small incident angles and increase

the cross-polarized returns. The polarization signatures calculated based on the Mueller

matrix show a straight distortion track and an observable pedestal. Numerical comparison

to the backscattering coefficients calculated by using planar bottom boundary conditions

with or without the incoherent addition of the rough surface effects are also made.
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The concept of polarimetry in active remote sensing is extended to passive remote

sensing. The potential use of the third and fourth Stokes parameters U and V, which

play an important role in polarimetric active remote sensing, is demonstrated for passive

remote sensing. It is shown that, by the use of the reciprocity principle, the polarimetric

parameters of passive remote sensing can be obtained through the solution of the associated

direct scattering problem. In particular, the full polarimetric information, including the

corresponding brightness temperatures of U and V, can be obtained from the solution of

the direct scattering problem for four different polarizations of the incident wave. These

ideas are applied to study polarimetric passive remote sensing of periodic surfaces. The

solution of the direct scattering problem is obtained by an integral equation formulation.

Incidence on a penetrable, lossy, medium is considered. Since the kernels of the integral

equations are the periodic Green's functions and their normal derivatives on the surface,

rapid evaluation of the slowly convergent series associated with these functions is observed

to be critical for the feasibility of the method. The study has shown that the brightness

temperature of the Stokes parameter U can be significant in passive remote sensing. Values

as high as 50 K are observed for certain configurations.

To demonstrate the use of polarimetry in passive remote sensing of azimuthally

asymmetric features on a terrain surface, an experiment was designed and implemented. A

triangular corrugation pattern was made on the sandy soil surface. Polarimetric brightness

temperatures are measured with horizontal, vertical, and 450 polarization orientations for

various observation angles. From the measured temperatures, absolute values as high as

30-40 K of the third Stokes brightness temperatures are observed. A theoretical analysis

of the data indicates that the high values of U are caused by the azimuthal asymmetry

on the remotely sensed soil surface. It is also observed from the experiment that the

brightness temperatures for all three Stokes parameters vary as the observation direction

varies from being parallel to the surface row structure to being perpendicular to the row
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structure. The significant implication of this experiment is that the surface asymmetry

can be detected with a measurement of U at a single azimuthal angle.

- 11 -



PUBLICATIONS SPONSORED BY THE ONR CONTRACT:

Polarimetric scattering model for inversion of sea ice parameters, (M. E. Veysoglu, J. A.
Kong, and C. C. Hsu), submitted for presentation at the USRI General Assembly'93,
Kyotok, Japan, August 25-September 2, 1993.

Polarimetric thermal emission from randomly rough ocean surfaces: a numerical study, (J.
T. Johnson, R. T. Shin, J. A. Kong, S. H. Yueh, S. V. Nghiem, and R. Kwok), submit-
ted for presentation on Applied Computational Electroamgentics Symposium, Monterey,
California, March 22-26, 1993.

Anisotropic layer model with ellipsoidal scatterers (S. V. Nghiem, R. Kwok, J. A. Kong,
and R. T. Shin), submitted for publication on Radio Science, August 1992.

Effective permittivity of saline ice under thermal variation (S. V. Nghiem, R. Kwok, J. A.
Kong, R. T. Shin, A. J. Gow, and S. A. Arcone), International Geoscience and Remote
Sensing Symposium, Houston, Texas, 26-29, May 1992.

Theoretical models for polarimetric microwave remote sensing of earth terrain (M.
Borgeaud, J. A. Kong, R. T. Shin, and S. V. Nghiem), in Direct and Inverse Methods
in Radar Polarimetry, Part 2, 1139-1190, Kluwer Academic Publishers, The Netherlands,
1992.

Polarimetric passive remote sensing of periodic surfaces (M. E. Veysoglu, H. A. Yueh, R.
T. Shin, and J. A. Kong), J. Electromag. Waves Applic., Vol. 5, No. 3, 267-280, 1991.

Polarimetric passive remote sensing of a periodic soil surface: Microwave measurements
and analysis (S. V. Nghiem, M. E. Veysoglu, J. A. Kong, R. T. Shin, K. O'Neill, and A.
W. Lohanick), J. Electromag. Waves Applic., 1991. Vol. 5, No. 9, 997-1005, 1991.

Application of neural network to polarimetric SAR image classification (Y. Hara, R. G.
Atkins, S. H. Yueh, R. T. Shin, J. A. Kong, and R. Kwok), Progress in Electromag.
Research Symposium, Cambridge, Massachusetts, July 1-5, 1991.

Multiple ellipsoidal species in layer random medium model for polarimetric remott sensing
(S. V. Nghiem, J. A. Kong, R. T. Shin, and T. Le Toan), Progress in Electromag. Research
Symposium, Cambridge, Massachusetts, July 1-5, 1991.

Polarimetric passive remote sensing of an azimuthally asymmetric periodic soil surface (S.
V. Nghiem, M. E. Veysoglu, J. A. Kong, R. T. Shin, K. O'Neill, and A. Lohanick), Progress
in Electromag. Research Symposium, Cambridge, Massachusetts, July 1-5, 1991.

Polarimetric passive remote sensing of periodic surfaces (M. E. Veysoglu, H. A. Yueh,
R. T. Shin, and J. A. Kong), Progress in Electromag. Research Symposium, Cambridge,
Massachusetts, July 1-5, 1991.

- 12 -



Analytical solution of the vector radiative transfer equation with rough surface boundary
condition (H. C. Han, J. A. Kong, S. V. Nghiem, and T. Le Toan), Progress in Electromag.
Research Symposium, Cambridge, Massachusetts, July 1-5, 1991.

External calibration of polarimetric radars using point and distributed targets (S. H. Yueh,
J. A. Kong, and R. T. Shin), Second Annual JPL Airborne Geoscience Workshop, JPL,
Pasadena, CA, May 20-24, 1991

Application of neural networks to radar image classification (Y. Hara, R. G. Atkins, S. H.
Yueh, R. T. Shin, and J. A. Kong), submitted for publication in IEEE Trans. Geoscience
Remote Sensing, 1991.

K-distribution and multi-frequency polarimetric terrain radar clutter (H. A. Yueh, J. A.
Kong, R. T. Shin, H. A. Zebker, and T. Le Toan), J. Electromay. Waves Applic., Vol. 5,
No. 1, 1-15, 1991.

Calibration of polarimetric radars using in-scene reflectors (S. H. Yueh, J. A. Kong, and
R. T. Shin), Progress In Electromag. Research, edited by J. A. Kong, Chapter 9, Vol. 3,
451-510, Elsevier, New York, 1990.

Classification and maximum contrast of earth terrain using polarimetric synthetic aperture
radar images (J. A. Kong, S. H. Yueh, H. H. Lim, R. T. Shin, and J. J. van Zyl), Progress
In Electromag. Research, edited by J. A. Kong, Chapter 6, Vol. 3, 327-370, Elsevier, New
York, 1990.

Scattering from randomly oriented scatterers with strong permittivity fluctuations (H. A.
Yueh, R. T. Shin, and J. A. Kong), J. Electromag. Waves Applic., Vol. 4, No. 10, 983-1004,
1990.

Polarimetric remote sensing of geophysical media with layer random medium model (S.
V. Nghiem, M. Borgeaud, J. A. Kong, and R. T. Shin), Progress in Electromag. Research,
edited by J. A. Kong, Chapter 1, Vol. 3, 1-73, Elsevier, 1990.

Theoretical models and experimental measurements for polarimetric remote sensing of
snow and sea ice (S. V. Nghiem, J. A. Kong, R. T. Shin, H. A. Yueh, and R. Onstott),
URSI International Commission F meeting, Hyannis, Massachusetts, May 16-18, 1990.

Calibration of polarimetric radars using in-scene reflectors (S. H. Yueh, J. A. Kong, and
R. T. Shin), 10th International Geoscience & Remote Sensing Symposium, College Park,
Maryland, May 20-24, 1990.

Correlation function for a random collection of discrete scatterers (H. H. Lim, S. H. Yueh,
R. T. Shin, and J. A. Kong), 10th International Geoscience & Remote Sensing Symposium,
College Park, Maryland, May 20-24, 1990.

Statistical modeling for polarimetric remote sensing of earth terrain (S. H. Yueh, 3. A.
Kong, R. T. Shin, and H. A. Zebker), 10th International Geoscience V4 Remote Sensing
Symposium, College Park, Maryland, May 20-24, 1990.

- 13 -



Study of polarimetric response of sea ice with layered random medium model (S. V.
Nghiem, J. A. Kong, and R. T. Shin), 10th International Geoscience 94 Remote Sensing
Symposium, (IGARSS'90), College Park, Maryland, USA, May 20-24, 1990.

Electromagnetic wave modeling for remote sensing (S. V. Nghiem, J. A. Kong, and T. Le
Toan), International Conference on Directions in Electromagnetic Wave Modeling, New
York, October 22-24, 1990.

K-distribution and polarimetric terrain radar clutter (S. H. Yueh, J. A. Kong, J. K. Jao,
R. T. Shin, H. A. Zebker, T. Le Toan, and H. Ottl), Progress in Electromag. Research,
edited by J. A. Kong, Chapter 4, Vol. 3, 237-275, Elsevier, 1990.

Calibration of polarimetric radar using in-scene reflectors (H. A. Yueh, J. A. Kong, R. M.
Barnes, and R. T. Shin), J. Electromag. Waves Applic., Vol. 4, No. 1, 27-48, 1990.

Application of three-layer random medium model for microwave remote sensing of snow-
covered sea ice (F. C. Lin, J. A. Kong, and R. T. Shin), J. Geophysical Research, 1989.

Classification of earth terrain using synthetic aperture radar images (H. H. Lim, A. A.
Swartz, H. A. Yueh, J. A. Kong, R. T. Shin, and J. J. van Zyl), J. Geophysical Research,
Vol. 94, No. B6, 7049-7057, June 10, 1989.

Radiative transfer theory for active remote sensing of two-layer random medium (R. T.
Shin and J. A. Kong), Progress In Electromag. Research, Elsevier, New York, Vol. 1,
Chapter 5, 359-417, 1989.

Scattering from randomly perturbed periodic and quasiperiodic surfaces (H. A. Yueh, R.
T. Shin, and J. A. Kong), Progress In Electromag. Research, Elsevier, New York, Vol. 1,
Chapter 4, 297-358, 1989.

Contrast and classification studies of polarimetric SAR images for remote sensing of earth
terrain (H. H. Lim, H. A. Yueh, J. A. Kong, R. T. Shin, and J. J. van Zyl), Progress in
Electromag. Research Symposium, Boston, Massachusetts, July 25-27, 1989.

K-distribution and polarimetric terrain radar clutter (H. A. Yueh, 3. A. Kong, J. K. Jao,
R. T. Shin, and L. M. Novak), Progress in Electromag. Research Symposium, Boston,
Massachusetts, July 25-26, 1989.

Calibration of polarimetric radars using in-scene reflectors (H. A. Yueh, J. A. Kong, R.
M. Barnes, and R. T. Shin), Progress in Electromag. Research Symposium, Boston, Mas-
sachusetts, July 25-26, 1989.

Three-layer random medium model for fully polarimetric remote sensing of geophysical
media (S. V. Nghiem, F. C. Lin, J. A. Kong, R. T. Shin, and H. A. Yueh), Progress in
Electromag. Research Symposium, Boston, Massachusetts, July 25-26, 1989.

Correlation function study for random media with multiphase mixtures (F. C. Lin, H. A.
Yueh, J. A. Kong and R. T. Shin), Progress in Electromag. Research Symposium, Boston,
Massachusetts, July 25-26, 1989.

- 14-



Polarimetric remote sensing of earth terrain with two-layer random medium model (M.
Borgeaud, J. A. Kong, R. T. Shin, and S. V. Nghiem), Progress in Electromag. Research
Symposium, Boston, Massachusetts, July 25-26, 1989.

Application of three-layer random medium model to polarimetric remote sensing of snow
and sea ice (S. V. Nghiem, J. A. Kong, R. T. Shin, and H. A. Yueh), North American Sea
Ice Work Shop, Amherst, Massachusetts, June 26-28, 1989.

Theoretical models for polarimetric microwave remote sensing of earth terrain
(M. Borgeaud, S. V. Nghiem, R. T. Shin, and J. A. Kong), J. Electromag. Waves and
Application, Vol. 3, No. 1, 61-81, 1988.

The optimal polarizations for achieving maximum contrast in radar polarimetry (A. A.
Swartz, H. A. Yueh, J. A. Kong, L. M. Novak, and R. T. Shin), J. Geophysical Research,
Vol. 93, No. B12, 15235-15260, 1988.

Bayes classification of terrain cover using normalized polarimetric data (H. A. Yueh, A. A.
Swartz, J. A. Kong, R. T. Shin, and L. M. Novak), J. Geophysical Research, Vol. 93, No.
B12, 15261-15267, 1988.

Correlation function study for sea ice (F. C. Lin, J. A. Kong, R. T. Shin, A. J. Gow, and
S. A. Arcone), J. Geophysical Research, Vol. 93, No. C11, 14055-14063, November 1988.

Polarimetric remote sensing of earth terrain with three-layer random medium model (S.
V. Nghiem, F. C. Lin, J. A. Kong, R. T. Shin, and H. A. Yueh), MIT Research Lab. of
Electronics, EWT-RS124-8810, 1988.

Theoretical models for polarimetric microwave remote sensing of earth terrain
(M. Borgeaud, J. A. Kong, R. T. Shin, and S. V. Nghiem), Proceedings of the 1988 NATO
Advanced Research Workshop, Nuremberg, Germany, 1988.

- 15 -



Office of Naval Research

DISTRIBUTION LIST

Code: /I•I /5 3 copies
Office of Naval Research
800 North Quincy Street
Arlington, VA 22217

Administrative Contracting Officer 1 copy
E19-628
Massachusetts Institute of Technology
Cambridge, MA 02139

Director
Naval Research Laboratory
Washington, DC 20375
Attn: Code 2627

Defense Technical Information Center 2 copies
Bldg. 5, Cameron Station
Alexandria, VA 22314



F2: Remote sensing of sea ice

Polarimetric Scattering Model For
Reconstruction of Sea Ice Parameters

M. E. Veysoglu, J. A. Kong, C. C. Hsu
Department of Electrical Engineering and Computer Science
Massachusetts Institute of Technology
Cambridge, MA 02139
(Phone: 617-253-8535, Fax: 617-253-0987)

Abstract
To interpret the polarimetric active remote sensing data of saline ice, ioe have developed a
random medium model using the radiative transfer theory. The ice layer is described as a
host ice medium embedded with randomly distributed inhomogeneities, and the underly-
ing sea water is considered to be a homogeneous halfspace. The random medium model is
characterized by a correlation function described by correlation lengths in both the hori-
zontal and vertical directions. Multiple scattering effects are accounted for by solving the
radiative transfer equations numerically. The effects of random roughness at the air - ice,
and ice - water interfaces are accounted for by modifying the boundary conditions in the
radiative transfer equations. Analysis of the model for reconstruction of sea ice parameters
is made. An optimization approach is used for inversion. The discrepancy between the
data and the results of the forward model is minimized by changing the inversion parame-
ters according to a nonlinear programming scheme. Reconstruction of correlation lengths
in the horizontal and vertical dimensions has been accomplished using the polarimetric
backscattering coefficients at different angles of incidence as input data. Effects of data
diversity and noise on the reconstruction of the physical parameters of sea ice from the
backscattering coefficients are being investigated.



Polarimetric Thermal Emission from Randomly Rough

Ocean Surfaces: A Numerical Study

J. T. Johnson, R. T. Shin, and J. A. Kong
Department of Electrical Engineering and Computer Science

and Research Laboratory of Electronics
Massachusetts Institute of Technology, Cambridge, MA

S. H. Yueh, S. V. Nghiem, and R. Kwok
Jet Propulsion Laboratory

California Institute of Technology, Pasadena, CA

Recent theoretical works have suggested the potential of passive polarimetry in the
remote sensing of geophysical media. It has been shown that the third Stokes parameter
U of the thermal emission may become large for azimuthally asymmetric fields of obser-
vation. In one experiment, values of U of as high as 40 K were measured from a periodic
triangular soil surface at 10 GHz. In order to investigate the potential applicability of
passive polarimetry to the remote sensing of ocean surface, a numerical study of the po-
larimetric thermal emission from randomly rough ocean surfaces was performed. A Monte
Carlo technique utilizing an exact method for calculating thermal emission was chosen for
the study to avoid any of the limitations of the commonly used approximate methods in
rough surface scattering.

In this Monte Carlo technique, a set of finite rough surface profiles in two dimensions
with desired statistics was generated. Each finite surface was then extended periodically
to create a set of infinite rough surfaces. The polarimetric thermal emission from each
surface of the set was then calculated using both the extended boundary condition method
and the method of moments. Finally, the results from the set were then averaged to obtain
the estimate of the polarimetric brightness temperatures for the given surface statistics.
The surface statistics chosen were intended to model a wind perturbed ocean surface in
the X to K., band microwave region. For this purpose, a power law surface spectrum
corresponding to the capillary wave portion of the ocean spectrum was chosen with rms
surface heights corresponding to wind speeds of up to 10 m/s. The effects of varying the
azimuthal and polar looking angles, rms surface height, ocean permittivity, exponent of
the power law spectrum, and the necessary high and low frequency cutoffs of the spectrum
were investigated in this numerical study.

The results of the study indicate that the U parameter is sensitive to the azimuthal
angle between the surface periodicity and the looking angle and to the rms height of
the surface, and that the U parameter is fairly insensitive to variations in polar angle,
permittivity, surface power law spectrum, and surface spectrum high frequency cutoff.
These properties give further strength to the idea of using the U parameter to detect wind
direction over the ocean.



Anisotropic Layer Model with
Ellipsoidal Scatterers

S. V. Nghiem and R. Kwok

Jet Propulsion Laboratory

California Institute of Technology
Pasadena, California 91109

J. A. Kong and R. T. Shin

Department of Electrical Engineering and Computer Science
and Research Laboratory of Electronics
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Abstract - This paper presents an anisotropic layer model with ellipsoidal scatterers for
applications to polarimetric remote sensing of geophysical media at microwave frequencies.
The scattering configuration includes an isotropic layer covering an anisotropic layer above
a homogeneous half space. Th.- isotropic layer consists of randomly oriented spheroids.
The anisotropic layer contain. ellipsoidal scatterers with preferential vertical alignment
and random azimuthal orientations. Effective permittivities of the scattering media are
calculated with the strong permittivity theory extended to account for the non-spherical
shapes and the scatterer orientation distributions. Based on the analytic wave theory,
the dyadic Green's function for layer media is used to derive polarimetric backscattering
coefficients under the distorted Born approximation. The ellipsoidal shape of the scatterers
gives rise to non-zero cross-polarized returns from the untilted anisotropic medium even
in the first order approximation. The effect of rough interface is estimated by incoherent
addition method. Theoretical results and experimental data are matched at 9 GHz for
thick first-year sea ice with bare surface and with snow cover at Point Barrow, Alaska.
The model is then used to study the sensitivity of the scattering coefficients with respect
to correlation lengths representing the geometry of brine inclusions in the model for sea
ice. Finally, polarimetric signatures of bare and snow-covered sea ice are also simulated
based on the model to investigate effects of different scattering mechanisms.
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1. INTRODUCTION

Technology in remote sensing has been advanced considerably especially for airborne
and space borne radar with multi-frequency and multi-polarization capabilities. Theoreti-
cal models have been developed to interpret multi-frequency polarimetric data for remote

sensing of geophysical media. Several approaches including radiative transfer, modified ra-
diative transfer, and analytic wave theory have been considered in model developments [1].
The analytical wave theory, while remains mathematically tractable for some complexity of
the media, preserves the phase information which is appropriate for the calculation of po-
larimetric scattering coefficients [2]. Under the Born approximation for sparse and tenuous
media, conventional scattering coefficients have been derived for isotropic multi-layer [3],
anisotropic layer [4], and isotropic-anisotropic layer [5] configurations. Fully polarimetric
scattering coefficients have also been calculated for isotropic [6] and anisotropic [7] layer
configurations. In these models, the scatterers are spherical or spheroidal and the cross-
polarized returns come from second (or higher) order [8] or the tilted anisotropy [4]. For
denser or less tenuous media, the distorted Born approximation has been applied [9-11].
This approximation considers dissipation loss, scattering loss, and the modification of wave
speed due to the scatterers; thus, multiple scattering has been included to some extent.
For media with strong permittivity fluctuations, the strong permittivity fluctuation theory

is used in conjunction with the distorted Born approximation [12]. In this case, conven-

tional backscattering coefficients have been computed for an isotropic half-space [13], an

anisotropic half-space [14], and a configuration for an isotropic layer of spherical scatterers

above an anisotropic layer of aligned spheroids [15].

In this paper, the isotropic-anisotropic layer configuration containing non-spherical

scatterers is considered to obtain fully polarimetric backscattering coefficients for geophys-

ical media. The scattering configuration is illustrated in Figure 1 where 00i is the incident

angle. The covering isotropic layer is composed of randomly oriented spheroids as described

in reference [16]. In the anisotropic layer, the scatterers are modeled with an ellipsoidal

correlation function with the orientation characterized by a probability density function
of the Eulerian rotation angles. The orientation of the ellipsoids is vertically aligned and

azimuthally random. The strong permittivity fluctuation theory is extended to calculate

the effective permittivities and the distorted Born approximation is applied to derive the
polarimetric scattering coefficients. Theoretical results are compared with measured data

for bare and snow-covered sea ice. The effects of rough interfaces are also estimated by

the incoherent addition approach [4]. Variations of polarimetric backscatter are studied

for various correlation lengths and polarization signatures of sea ice are simulated and

discussed for different scattering mechanisms. Following this plan, the paper consists of

5 sections. Section 2 is for effective permittivities, Section 3 for polarimetric scattering

coefficients, Section 4 for results and discussion, and finally Section 5 for the summary.
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2. EFFECTIVE PERMITTIVITY

In the isotropic scattering medium of Region 1 in Figure 1, the embedded scatterers
are modeled as spheroids and the effective permittivity has been derived under the strong
fluctuation theory and reported in [16,17]. In the anisotropic medium, the ellipsoidal
scatterers have preferential alignment resulting in the effective anisotropy. The effective
permittivity tensor of the scattering anisotropic medium will be calculated in this section
for the ellipsoids with vertical alignment and random azimuthal orientations.

In an inhomogeneous medium such as sea ice, sea water is trapped in an ice medium
in form of brine inclusions which are usually ellipsoidal. The ice tends to grow verti-
cally downward rendering the ellipsoidal inclusions aligned preferentially in the vertical
direction. In the absence of sea currents, the crystallographic c-axes are random in the
horizontal plane as seen in Figure 2, which depicts a horizontal thin section of sea ice.
Consequently, the minor axes of the ellipsoids have random orientations parallel to the
horizontal plan. In this model, a correlation function corresponding locally to a scatterer
is used in the derivation of the effective permittivity with the strong permittivity fluctu-
ation theory, extended to account for the orientations of the ellipsoidal scatterers. When
the average process is performed over orientation angle ýf shown in Figure 3, the effec-
tive permittivity is an untilted uniaxial tensor with vertical optic axis, which effectively
manifests the azimuthal symmetry of the inhomogeneous medium.

Let fb be the permittivity of the host medium and e. be the permittivity of the em-
bedded ellipsoidal scatterers occupying a total fractional volume of f.. The subscript for
the anisotropic medium (Region 2) is omitted in this section for convenience since the fol-
lowing derivation is for Region 2 only. Similar to the method in [12], auxiliary permittivity
eg = diag[e9 ,,, , is introduced into the wave equation for latter consideration of the
singularity in anisotropic dyadic Green's function •(i, i). The singularity is accounted
for by decomposing G,(F,F) = G9(f - fl) into a principal value part and a Dirac delta
part with dyadic coefficient S which, in this case, is a diagonal tensor with three distinctive
diagonal elements S.,, Sy,, and S_, in the local coordinates (z', y', z'). These coordinates
are related to the global coordinates (z, y, z) by the Eulerian rotation tensor

cos of sin o 0'

T -sinof cos! of0

The effective permittivity of the inhomogeneous medium is composed of a quasi-static
part and a scattering-effect part which accounts for the attenuation and the modification
in the wave speed due to the inhomogeneities

Ceff =eg + co[V1gf (3] te~ff (2)
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where auxiliary permi-ttivity I- and dyadic coefficient (M-), which is the ensemble average

of S, are determined by the condition of secular-term elimination. The effective dyadic

scatterer •ef, under the low-frequency approximation, is given by

= p2w ( 00,,-3

dof pof) E r(I 02 d to)[~efjm 1 dq0 (j Z:, rtim jk 00 g()kl~ + [nik (3)

in which p(qS) is the probability density function of orientation angle of, PrI, is the
variance defined in [2], k0 is the free-space wave number, and § is the Fourier transform of

the normalized local correlation function. The anisotropic Green's function U. [12], which

is invariant under the azimuthal Eulerian rotatibn (1), is expressed in the V' domain as

1 1 Z-k' 0]
G.9(r) ~~ k# 2-' k,2 +S= " ~+ kkk DD. +

0 0 0

Sk'• k2k' 0 (4a)ok. kyo
1 kk V 0

(k,2 + k,2De~' ___4

"-gz

where the quantities D.(V), De(!'), k,2, and k.2 are in the following equations with
angular frequency w and permeability po

D0 (Hz) = + k ",+V - k9P (4b)

D,(G') = + + k, - k.) (4c)

- 11, = 0 egp, and L_ = W 2 AO Z (4d)

As in (2), the effective permittivity has been approximated by truncating the series in the

renormalization method. The validity condition for the approximation is I [Ri,(k)] Ij,. <« 1.
The ellipsoidal scatterer is described with a normalized local correlation function of

the form

Rf ex ( 2  + L (5a)

with correlation length 1,4, IY,, and 4, in the local coordinates corresponding to the minor,
the meridian, and the major axes of the scatterer. In this model, the correlation lengths
are related to the effective size and shape of the scatterers. This local correlation function
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can be reduced to spheroidal shape for two equal correlation lengths and to spherical shape
for three identical correlation lengths. Applying the Fourier transform on (5a) yields

= (5b)
ir2 (1 + P212" + k '#2, + k 'l'2,)2

For random horizontal orientations with no preference in azimuthal direction, the proba-
bility density function of orientation is simply

p(of) = 1/(27r) (6)

To calculate the effective permittivity according to (2), =e and (3) need be deter-
mined. Due to the global azimuthal syrranetry, auxiliary permittivity =C in the coordinate
(Z_ Y, z) is uniaxial as afore indicated and the elements in 49 are subjected to the condition
(•) = 0 such that

2wez 0 0
( 1) jd~b p(q5f) T 0 [ Y' 0%T

0 0
1 [MI + ýY' 0 0

2 (• 0 •,+ •, 0 )=0 (7)

0 0 2ý,,'

Local quantities •', •,, and •' in (7) are related to the elements of dyadic coefficient
S = diag[S.,, S,,, S,,] by

CO= + S(- ) (8a)

C C2P (8b)
Co + S'.(e- -. )

=-'( += 6 - 6 z (8c)CO + S,(e - eCO)
where e can takes on the value of e, in a scatterer or ef in the background medium. From
(7) and (8), e., and eg. can be written as, respectively,

cp= Cb + e a 6 p 2co + (S., + Sl,.)(c. - eg9p)
f--f 2o + (S,, + S')(b - p)

Co + S.,(Cb - CE ) Co + Sy,(Cb - Cgp) (9a)
Co + S.,(C. - C,.) Co + s,,(C. - eO)

-oz = b +e + +Sz,(Cb - Cg) (9b)
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The average dyadic coefficient (-) in the global coordinates is obtained by the averaging

integration over the probability density function of orientation

( 1= d4' p(of) T [S y, 0 T
0 0 S,0

=0 o sZ, + sV, 0 0 sP (o10
2 0 0 28,,l 0 0 S,

The coefficients Se, Sy-, and Se, are derived from the secular elimination condition [12]
which renders

Sx, =f 2- o-f, cos2
s.o = dc [(1 + a) tan-' / - /-a] (11a)

S2ire9paVf
27r 2 -oT s 2 6

S= j d ýd co7y sin [(1 + a) tan- 1  V/a - V a] (11b)
S27regpaV/f

Sze=Jdo ["(+- tan- a] (11c)
27r7Cgza,/a

where the values of both the square root and the inverse tangent are chosen on the principal
Riemann sheets with branch cuts on the negative real axis. In (11), the integrations over

Scan be carried out numerically and quantities a, 7., and 7y, are defined as

a = a7 2 -1, a= 19-Z (12a)eup

cos2 4 + ) (12b)

"IZ 1.2, , JV2

(c7Z - 4, + .n, ) (12c)

1 c 1s2 + sin _, (12d)

Also due to the azimuthal symmetry of the scattering medium, the effective scatterer

tensor ,eff has the uniaial form

fL 0 0 1
ff Ceýff P 0ef (13)

0 0 jf
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which is obtained by substituting the Green's function, the correlation function, and the

probability density function of orientation into (3). The integrations are carried out with

the procedure in [2,17]. Followed is how to compute Le"

eeff P = [•[5cr'(4' + se.) + S& (4, + Sr)] (14a)

G~ff = 5t.' (IV, + S"o) (14b)

where variance 6S4,, 6S',, and , are respectively determined by

= [ -o0 C,± [p C ] (15a)

CO+ S., (Cb- f•) [E +s.., (--- C ) - ' fop)

C= [ Sy (i--fp) 15b

As observed from (14), expressions for 4I,, IV,, aid I,, are necessary to complete the

derivation of the anisotropic effective permittivity. The result for I,, is

(2, ---
4'= dq - (17+.-) (16a)

0 7rfgzf

-+ e + -(r-tan-~'~ (16b)

I'd 0a~, t(a +2) - (b + aV.2 ,' tan (1[; • O + '(o.j.-tan-• 0)](lc)
2a2 2q 0 q. (2 2o

V2, = k 2 ,,12, k2 = W 2/g CoV7 ,z, (16d)
1 gz gPP z op 110 fpuz'

b -= f7 + t 10=b-11 9e=b+C (16e)
a

For 4', the result is expressed as follows
/21 ko2 12 •y i2,0 I;+1

= j0 (t,,4 sin2d I + Y ,.4 cos 2 0 I;) (17a)

I;-e = (I2- 2-4 )+ +-(. +Id-) (17b)

10 (17c)
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a72/~ r •/2 1 v /::'

+at~ \ (7 -ja- (17d)

-42a9 [i %( - tan~ (17e)

172 (71 1I•--2+ -x -o (;- -- ~) (17f)

V1 4 = laa l, 4=2r42 1a~l 1 3=T 13~ (i7g)

From the symmetry, 4. (41.,4,,t Z) = 1(4,4,.,). Explicitly, the result for I4, is

4 2 f 02 ( cos2 • I + 2o 1: ,4 sin2 • I. ) (18)
IV, do- Co ,y,(8

7r

Substituting =4, (--, and Ceff in (2) yields the uniaxial effective permittivity tensor
ceff whose lateral and vertical elements are, respectively

feff p = fgp + eo0 e,.p/(l - Spfe/ip) (19a)

eff, = CgZ + Co effz•I/(1 - Sxeffz) (19b)

As seen from the above expressions, effective permittivity Ceff is anisotropic with optic

axis in the vertical direction. In the next section, the anisotropic effective permittivity is

used in the derivation of the polarimetric backscattering coefficients under the distorted

Born approximation with dyadic Green's function (DGF) for the layer configuration.

3. SCATTERING COEFFICIENTS

Consider the scattering configuration in Figure 1. Region 0 is the upper half-space

with permittivity c0. Region 1 of thickness d, is an isotropic medium consisted of randomly

oriented spheroidal scatterers of permittivity eaj in a background medium of permnittivity

Eib. Region 2 of thickness d 2 is an anisotropic medium composed of ellipsoidal scatterers of

permittivity 1E2 embedded in a host medium of permittivity 4b2 . The ellipsoids are oriented

preferentially in the vertical direction and randomly in azimuthal directions as described

in the last section. Region 3 is the underlying homogeneous half-space of perirattivity

C3. The effective permittivities of the scattering regions are calculated as shown in the

last section. The distorted Born approximation is applied to derive the complete set of

polarimetric backscattering coefficients constituting the covariance matrix and the Mueller

matrix characterizing the polarimetric scattering properties of the layer media.

Polarimetric backscattering coefficients have been defined with ensemble averages of

scattered fields [2]. The averages are calculated with spatial integrations over products of
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the DGFs, the mean fields, and the correlation functions as follows

(-- 40. f jd ff dqf pi(OfOf)
i~j,k,l,mt

"O 'V ljkml.(il, F1l; Obf ,)

* [(Colj(,-.j))(Fk(F,))]- [(Go,,,(FV.i))(Fim.(i))]*
241IZ p2w p

+ do f P2 (Of) ] i 2] d iC(2jkl.-(2,i2;,Of)
i,,k,l,V 2  2

• [(Go02 jC(,F 2 ))(F 2k(T2))] [(Go21i(',F20))(F 2m.(Q02))]* (20)

where V1 is the volume occupied by Region 1 and V2 by Region 2. The DGFs and the
mean fields have been obtained in [2]; the correlation functions need to be specified next.
The integrations are then effectuated to derive the scattering coefficients.

For Region 1, the correlation functions C's in (20) are defined in [16] for the spheroids.
In Region 2, the correlation functions in the global spatial domain are

Cf2jI,.(I' 2, ';;, kf) = (ý2.&(F 2 ) ,2',m(-2*)jI#f(')) (21)

To facilitate the integration of (20), Fourier transforms of the correlation functions are
introduced for the statistically homogeneous scattering media under consideration

CC2jkLm(F2jF20,TO = L df"P~2 jkI.(I3)et (iF2 - 2) (22)

which is expressed in the global coordinate system (i, , z) and related by the Eulerian
rotation transformation T (1) to the following non-zero correlations in the local coordinate
system (if',', i')

=( -2-,'''z'(I1) = 62z•'z'•2(X) (23a)

= 2.z,','f')= 6 2x'y'"-152(/) (23b)
1I,.2,'('z) = '..z,•,z,(A#) = 2z'z, 4'kf2(fl') (23c)

'2.(i)= 4k2y'y12 '=u(f3) = 2y'.I'§f2(A') (23d)
12ypy''(I) = "2,'-'l','('y)= 62,-,•p',42(f3) (23e)

-',2y'z,(7) = I2, ,I,=,z',(f ) = 52iz,{C(/ 3 ) (23f)

2 z'z'0(f) = 4ý2s=',''.'(1 -- &) = 62z'42(/") (23g)

4'z','(13) = §'2z1,'-,-,(j) = 62z,',e2('Y() (23h)

*2'z(f)= -§2,e~'zI''(f )= 62z'z'4 f2(;Yf) (23i)
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where t42(,8) is given in (Sb), which is the Fourier transform of (5a), and the variance
82's in (23) are

= I E.26g'
C62 - C92p 1 Cj + •.2 - C___9g2p

62:,:' 1 6o-IS2 2"'(6:"'---g2p) )' o+S2z'(6.2-6gup) In(2b

62 ~ ~ ~ ~ ~ • CO+S2. 42--,- 1-.) C 2z' (C*2 - COP) f.2 (24a)2 2

6 2V1 Vb2-'g2p (1 - -f.2)+ E2g2p f.
6 0 + S 2 , (4b2 - Cg2p) Co + S2yi (6.s2 - Cg2p)

4--=,2_6 g2z 12.] 2 - f2'=g2z 26 0zz' C + S2.i (4b2 - eg2z) f. 60 C + S2zi (C&2 - g2z) f.2 (24c)

+b2-(g2p 42-g2 ) ](1-f
CO [+ S2.1 (6b2 - g2p)]C 6+ S 2y1 ,(4 2 - ; 2j)Je2

+ 'E&2 -o+S.(,. 2 -,.) 2p] f.2 = 8. (24d)

+ z.2[ 4- g2p 42 -g2z -]f.2 =-(24e)

CO + S2 .1(4.2 -9 2 p) E 0+ S2z' (4.2 - 9 2z)J

Z~'z 42 -60 6 g2p 42 -6 bg2z ](f
82Y 'Eo + S2.' (42 --- 692p) Co+S 2 .. (4b2 -,2) f

46+24 .2 - g2p) [ 4 -.2g2z ]f.=(21+ IC0+S2 ,(C.+-S,2p) 2 I0+..S2'(6.2 -6 9 2z)] M = 62'y' (24f)

Based on the invariant property of the Fourier transform under the rotation transformation,

spectral density 4ý2,tk,(I) in the global coordinates can functionally be related to those

given in (24) with

=I '§2(P cos 40f + P. sin ý

fly= -i8, sin ýf + . cos •f,

P. -- 0) (25)

In the global coordinates, the rotation transformation together with the above invariant

property cast the anisotropic spectral densities into the form

4 '2jklm(f3 2ký 4 2f) (26)
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where variance b2jkt,, are dependent on the Eulerian angle 4o as

b2jk.lm = (622 .',Tzzjk + b2y'z'Tyyjk + b2z'z'Tzzjk)Tzzlm

+ (62 2 y,•Tz3 jk + 62y',,Tyyjk + 6b2z',Tzzjk) Tyyim

+ (62,zo'Txzjk + &62y',Tyyjk + 62,''Tz,.jk) Tz.zm (27)

The Eulerian rotation has been applied to arrived at (27) where T's are elements of the

following transforming tensors

cos 2 Of sin Of cOs Of 0

Tz. = sinof cos Of sin2 € 0 (28a)

0 0 01
sin2 of :sin Of cos of 01

=[ -- sin Of cos Of cos2 Of 0 (28b)

0 0 0

Tzz = - TzT - T, = 0 0 (28c)
001

By substituting the above correlation functions, the dyadic Green's functions of the
layer medium, and the mean fields into (20), the correlations of the scattered field can now
be found. Rearranging all the coefficients from the DGF and mean fields, the scattering
coefficients can be written as

V 2w -1,2 zjltz
= 7rk,, ]dk p1(4,4'1) E E q, Sprjk iL -aljklm

0 JO a,b,cd j,hk,1,m

oi&,od
2 1 eu,ed z,y,z

+ rko J d4, p2(4'f) X j 'Ps 2Yx 'n (29)
+I0 p,q,r,s j,kl,m

The scattering contribution of the first term in (29) from Region 1 due to the spheroids
has been obtained in [16] and the solution consists of 16 terms for downgoing and upgoing
incident and scattered waves. Region 2 contains scatterers with preferential vertical align-
ment, which effectively renders the medium anisotropic. The ordinary and extraordinary
waves going down and up give rise to 216 terms in the second term of (29). All coefficient
T•'s have been derived and given in [2]. For 7qr, , the result is

*-r .2625 11 1me2,I 2 Y.e2ve, r -i(K-pq - -s2
2jkIM ~ ~ ~ 2jl ,r4-r*2(_q-r

2['(Itfl-K2)2(r-pq .) 2 (ijq K.

+ ( - ei(Kr. - icpV)d, K Pq) Q 2(K-')] (30a)+ _)2 (.,. - ic*)2( _ -0



4

12

where P2(KZ) and Q2(CD), resulted from complex integrations, are determined by, respec-
tively,

_i(d 2 - di)e-i(r2 -Kr 1,)dlei(K2 - pq)d2

P 2 (ri2c ~ (2Imr2 ) 2 (K2 - Kpg)(K2 - Kr.)

e-i(Kpq - Kr.)dl + e-i(Cpq - Kr#)d2

+ I (2iIm r-2) 2 (r2 -Kpq)(K.2 - Kra)

e-i("2 - x,, )d ei(r2 - .pq)d2

(2iImK 2 )
2 (r 2 - K..)(iC2 -Kr]

F1 1 1i
[sl+n -1 . + 1 (30b)

iM K2 2 -- Kpq K2 -- Kra

*_i(d 2 - dl)e(K2 -- 2p~ii(~
Q2Q(2) - (2iIm4r) 2 (r* - K,)(K* - r)

eiK~- pqd1i(K2* - K.d
+ (2im4)2(4 -• Kq)(* - Kr.)

[jIm + K 2 K2 -r. (30c)

In (30), the pole K2 is computed with the following equations

2c f2
K2 = it -- 1 + V2 + * (31a)

k,02 = kpi cos(Oi - Of) - k,, cos(O. - -oi) (31b)

k.0 = kI,,i sin(qSi - Okf) - kI,o sin(O, - Ofr) (31c)

where qSi and b, are azimuthal angles of incident and scattered waves, respectively. The
remaining integrations over Eulerian angles in (29) can be carried out numerically. When
low-frequency condition is valid, the integrations can be done analytically. It should be
noted that (29) expresses the scattering coefficients in the scattered basis which can be
transformed to the incident basis by changing the sign of ar, c and Orhsc [2]. The scat-
tering effect of the rough boundaries at the medium interfaces can also be estimated by
incoherently adding the total contribution from the rough surface scattering with consider-
ation of the propagation loss in the calculations of scattering coefficients. Compared with
the model in [2] for the case of vertically oriented spheroids, the new model can give higher
co-polarized backscattering coefficients due to higher total cross section of the ellipsoids for
the same fractional volume. Another difference is that the new model provides non-zero
cross-polarized backscattering in the first-order distorted Born term whereas the former
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can only account for the cross-polarized return in the second or higher order term when
the spheroids are vertically oriented.

4. RESULTS AND DISCUSSION

a. Data Comparisons

In this subsection, theoretical results are compared with experimental measurements
for backscattering coefficients at 9 GHz as a function of incident angle. The radar backscat-
ter data were collected for the thick first-year sea ice near Point Barrow, Alaska [86]. For
thick first-year sea ice with bare surface, the scattering configuration is illustrated in Figure
4 representing a sea ice layer over sea water. The ice layer was 1.65-m thick and contained
brine inclusions. From ground-truth data, it has been inferred [19] that the brine had a
permittivity of e., = (38.0 + 41.0)eo and occupied a fractional volume of f.1 = 4.5%. The
background ice permittivity was estimated to be Cb1 = (3.15 + i0.002)eo and the permittiv-
ity of sea water e2 = (45.0 + i40.0)eo. With correlation length t110 = 0.70 mm, 11., = 0.25
mm, and Ii., = 1.20 mm, the theoretical results match well with the experimental data, as
shown in Figure 5, for co-polarized backscattering coefficient arah and a.,, at large incident
angles, and cross-polarized backscattering coefficient ahjs over the range of incident angles.

The disagreement in the co-polarized backscattering coefficients at small incident
angles is due to the scattering from rough surface. In the configuration of Figure 5, the
interfaces have been assumed to be smooth and the rough surface scattering has been
ignored. The effect of the roughness at the lower interface of the thick first-year sea ice
is negligible since the wave at 14 GHz is attenuated before the sea water is reached. To
account for the rough surface effect at the top interface, a Gaussian roughness is now
considered with standard deviation o, = 0.6 mm and correlation length t . = 1.5 cm as
depicted in Figure 6, where all other physical parameters are the same as in Figure 4.
The rough surface contribution, calculated with the small perturbation method (SPM) [1],
is incoherently added to the volume scattering. The comparison between theoretical and
experimental results for the co-polarized returns is improved at the low incident angles as
seen in Figure 7. For this surface, the additional contribution to the cross-polarized return
is small and is actually ignored in the SPM model applied in this case. The cross-polarized
return therefore remains unchanged.

The configuration for snow-covered sea ice is shown in Figure 8. The snow is 10-
cm thick according to the average of the thickness range reported in [18]. In the snow
layer, the oblate spheroidal shape is assumed for the ice grains with correlation lengths
1P = 4/6 = 0.15 mm. The physical parameters for the sea ice layer and the sea water
are kept unchanged. Both the top and the middle interfaces are rough with standard
deviation a. = 0.1 cm and correlation length 4, = 1.5 cm. The theoretical result compare



4 1

14

well with the measurements from the sea ice layer with snow cover as seen in Figure 9 for

the conventional backscattering coefficients. The theoretical cross-polarized returns are,

however, lower than the measurements. For a medium with high fractional volume such

as snow, a significant part of the total contribution to at,, can come from higher order

scattering which is ignored in the present model. Regarding the scattering mechanisms,
volume scattering is dominant at large incident angles. Rough surface effect is still strong

at small incident angles with more contribution from the snow-ice interface due to the
larger permittivity contrast. The oscillations observed in the curves in Figure 9 are caused

by the boundary effect of the snow cover. Comparing the cases with and without snow

cover shows that the low-loss dry-snow layer can enhance the backscattering due to the

introduction of more scatterers (ice grains) and a better impedance match between the air

and the sea ice layer.

The above results have shown that the scattering from the inhomogeneities is dom-
inant at large incident angles while the contribution from the rough surface is important

at small incident angles for co-polarized returns. The cross-polarized return due to the
inclusions comes from the first-order term under the distorted Born approximation in this

model. The spheroidal model in [2] predicts a zero value of cross-polarized backscattering
coefficient ah under the first-order approximation because the scatterers are vertically

aligned. In the next subsections, effects of correlation lengths and polarization signature

of sea ice are considered.

b. Study on Correlation Lengths

SHAPE 4.' 4Y, 48 4, /IY, I', /111 I4,/4N 41'V'O-'

Reference 0.700 0.250 1.200 2.800 1.714 4.800 0.210

Expanded 1.050 0.375 1.800 2.800 1.714 4.800 0.709

Contracted 0.467 0.167 0.800 2.800 1.714 4.800 0.062

Thickened 0.467 0.375 1.200 1.245 2.570 3.200 0.210

Thinned 1.050 0.167 1.200 6.287 1.143 7.186 0.210

Elongated 0.572 0.204 1.800 2.800 3.147 8.824 0.210

Shortened 0.857 0.306 0.800 2.800 0.933 2.614 0.210

Table 1. Correlation lengths for various scatterer shapes

The geometry of the brine inclusions in sea ice is not available from the ice charac-
terization data. To study the effect of the scatterer size and shape, scattering coefficients
are calculated with variable correlation lengths. To isolate the effect of correlation lengths,
bare sea ice with smooth surface configuration in Figure 4 is considered to avoid the contri-
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bution from the snow layer and rough interfaces. The correlation lengths used in the data

matching serve as a reference. The scatterer is expanded, contracted, thickened, thinned,
elongated, and shortened by varying the correlation lengths as shown in Table 1 while the

fractional volume is kept constant in all cases.

When all the correlation lengths are varied by the same factor, the scatterer shape
remains unchanged since the correlation length ratios stay the same. For the same frac-
tional volume, the effective number of scatterers decreases as the scatterer is expanded and

increases when the scatterer is contracted. The conventional backscattering coefficients as
well as the correlation coefficient p = Ohhvv/Vhhg-• [2] between the horizontal and verti-
cal returns are calculated for the volume expansion and contraction with the same factor of

1.5'. The results are plotted in Figure 10. For o&hh and a.. the scattering coefficients are

reduced much more when the correlation volume of the scatterer is contracted as compared
to the increases in the case of volume expansion. This show the nonlinear relation between
the volume scattering and the scatterer size. In this case, an underestimate in the scatterer
volume, compared to the overestimate with the same factor, will lead to more variation in
the co-polarized backscattering coefficients. An interesting observation is the insensitivity

of the cross-polarized ratio e = ahv101• as shown in Figure 10. This is because the depo-

larization is caused by the non-spherical shape of the scatterer, which is kept unchanged.

For the correlation coefficient p, the results show that the horizontal and vertical waves

become more correlated as the correlation volume increases. For the larger volume, the

sea ice medium is more lossy and wave path is effectively reduced. Consequently, the

anisotropic effect causing the decorrelation between the horizontal and vertical waves is

weakened.

When the correlation length ratios are varied while the scatterer volume and the

fractional volume are kept, the scatterer shaped is deformed and the number of scatterers

remains unchanged. For the same vertical correlation length 1,,, the horizontal correlation

lengths are now modified by a factor of 1.5 to thicken and thin the scatterer as indicated in

Table 1. In Figure 11, the co-polarized returns are rather insensitive since the horizontal

cross section of the scatterer is not variea (',01., = 0.175 mm2 ). It is obvious that the

cross-polarized ratio is strongly dependent on the scatterer shape. The depolarization

effect is more prominent as the scatterer is further deformed from the spheroidal shape.

For the magnitude of p, the variation is larger at small incident angles where the scatterer

shapes are more different as compared to the cases at large incident angles. The phase of p

started from 0° at normal due to the azimuthal symmetry [20] and increases with incident

angles. Also, the absolute value of the phase is larger for the thicker scatterer since the

anisotropy is stronger.

While the correlation length ratio t2 ,/t1 , and the fractional volume are not changed,

the scatterer is elongated and shortened by varying the vertical correlation length 1,, by

a factor of 1.5. Figure 12 presents the results for these cases compared with the reference.
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There are large changes in the co-polarized returns due to the corresponding differences

in the horizontal cross section of the scatterer. The variation in the cross-polarized ratio

is small since the horizontal correlation length ratio is not varied. The magnitude of p

differs more at large incident angle where the shape difference is more significant. The
phase of p is closer to zero as the scatterer becomes shorter and the sea ice medium
approaches the isotropic condition. As shown in this subsection, the scatterer volume and
the horizontal cross section affect the level of the co-polarized returns. The depolarization

effect characterized by the cross-polarized ratio is controlled by the scatterer shape. The

ellipsoidal shape of the scatterer with preferential vertical alignment is also responsible for
the anisotropy of the medium and consequently the behavior of the complex correlation
coefficient p between the horizontal and vertical returns.

c. Polarimetric Simulation

To investigate how polarization signatures relate to the corresponding covariance
matrix and convey information regarding different sea ice configurations and scattering
mechanisms, polarimetric data are simulated for sea ice with bare surface and with snow
cover at different incident angles. The configurations under consideration are in Figure 4

for bare sea ice with smooth surface, in Figure 6 for bare sea ice with rough surface, and
in Figure 8 for snow-covered sea ice. Due to the azimuthal symmetry of the scattering

configuration, the covariance matrix has the form of [20]

1 0 P
C = rhh [ e0 (32)

1P* 0 'Y I

where the co-polarized ratio is 7 = ov/,lhh• The elements of the covariance matrix is
used to calculate the Mueller matrix to obtain the signature or(ar,,Ifi, ai, ,i) as defined in
[2] for polarization angles a,. and ai and ellipticity angles Pr and fli of the received (r)
and the incident (i) waves, respectively. For a co-polarized signature, ar = ai = a and

Normalized co-polarized signatures denoted by a,, for bare sea ice with smooth and
rough surfaces at incident angles of 200 and 450 are presented in Figure 13. At 80i = 200,
the signatures for smooth sea ice due to volume scattering and for rough sea ice due to
surface scattering are similar because both covariance matrices have 7 close to unity, small
e, and p with small phase as seen in Figure 14. However, the magnitude of p shown

in Figure 14 are distinctively smaller for the volume scattering mechanism with smooth
surface. At eai = 450, the volume scattering is dominant in both smooth and.rough cases
whose correlation coefficients have larger phase giving rise to the signatures in Figures 13c
and 13d with more distortion compared to those at 200. For snow-covered sea ice, Figure
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15 reveal that IpI is closer to unity and the phase is smaller at incident angles of 200 and
450. Thus, the corresponding signatures for the snow-cover sea ice in Figure 15 have much

less distortion due to the effects of the rough surfaces and the isotropic snow layer which

mask the anisotropic information from the lower sea ice layer at the X-band frequency.

The boundary effects due to snow cover can also be observed with the oscillation in the

phase of p in Figure 14.

5. SUMMARY

In this paper, an anisotropic layer model with ellipsoidal scatterers have been de-
veloped. The top layer is an isotropic medium with randomly oriented spheroids. In the
anisotropic layer, the ellipsoids are aligned vertically and oriented randomly in azimuthal
directions. Further medium complexity such as multi-species, size and shape distributions
have not been incorporated in this model and can be considered for future model develop-
ment. The effective perni- ttvities are derived with the extended strong fluctuation theory
and the polarimetric sc- 'tering coefficients are calculated under the distorted Born approx-

imation. In this n'odel, the cross-polarized return is obtained from the first-order distorted
Born approximation due to non-spherical shapes of the scatterers; however, higher order
contributions are ignored. The effects of rough surfaces are estimated with the incoher-
ent addition method and higher-order interactions between volume and surface scattering
mechanisms are not included. The theoretical results compare well with the measured data
for thick first-year sea ice with bare surface and snow cover. The effects of the scatterer
geometry are investigated by varying correlation lengths which change the shape and the
volume of the scatterer. Polarization signatures are then simulated for the thick first-year
with and without snow cover. The volume and surface scattering mechanisms are discussed
in terms of conventional backscattering coefficients as well as polarization signatures and
correlation coefficient p between the vertical and the horizontal returns.
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Figure Captions

Figure 1. Scattering configuration of layer media.

Figure 2. Illustration of a sea-ice horizontal thin section; the arrows represent random

horizontal orientations of crystallographic c-axes and ellipsoidal brine inclusions.

Figure 3. Geometry of an ellipsoidal scatterer.

Figure 4. Scattering configuration of bare thick first-year sea ice with smooth surface.

Figure 5. Backscattering coefficients from bare thick first-year sea ice with smooth

surface.

Figure 6. Scattering configuration of bare thick first-year sea ice with rough surface.

Figure 7. Backscattering coefficients from bare thick first-year sea ice with rough surface.

Figure 8. Scattering configuration of thick first-year sea ice with snow cover.

Figure 9. Backscattering coefficients from thick first-year sea ice with snow cover.

Figure 10. Effects of expanded and contracted scatterer volumes.

Figure 11. Effects of thickened and thinned scatterer shapes.

Figure 12. Effects of elongated and shortened scatterer shapes.

Figure 13. Polarization signatures of bare thick first-year sea ice with smooth and rough

surfaces at incident angles of 200 and 45*.

Figure 14. Correlation coefficient p of thick first-year sea ice with bare smooth surface,

bare rough surface, and snow cover.

Figure 15. Polarization signatures of thick first-year sea ice with snow cover at incident

angles of 200 and 450.
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ABSTRACT form of spheroids or spheres, which does not change as much.
as the shape of brine inclusions. Non-spherical inclusions in sea

A model to calculate the effective permittivity of saline ice can have preferential alignment in the vertical direction such
ice under thermal variation is presented in this paper. The model as in columnar ice and random orientation in azimuthal direc-
includes multi-phase inhomogeneities with multiple species char- tions. In this model, the orientation distribution of scatterers is
acterized by orientation, size, and shape distributions. The depicted with Eulerian angles. The size variation of scatterers
model is then us'ed to derive the effective permittivity as a func- in a species is described in terms of the number density or the
tion of temperature under the strong fluctuation theory which fractional volume as a function of normalized volumetric sizes.
is extended to account for the complexity. The results calcu- For various shapes of a scattering constituent, inclusions with
lated from the model are compared with experimental data at similar shape are treated collectively as a subspecies. Strong
4.8 GHz for saline ice grown at the US Army Cold Regions Re- permittivity fluctuation theory 131 is then extended to derive the
search and Engineering Laboratory (CRREL). The comparison anisotropic permittivity tensor of sea ice with the above charac-
between measured and calculated complex permittivities is good teristics. Theoretical results are then compared with measured
for the imaginary part and the difference is within 10% for the data for saline ice at different temperatures.
real part.

EFFECTIVE PERMITTIVITY

INTRODUCTION
Consider an inhomogeneous medium consisting of vari-

Sea ice consists of crystalline ice, solid salt, liquid brine ous scattering species embedded in a background medium. First,
inclusions, and air bubbles. Temperature strongly affects sea a species is defined as a set of all scatterers with the same permit-
ice structure, constituent characteristics, and thus its electro- tivity. Within a species, scatterers of similar shape are classified
magnetic properties. The constituent phases in sea ice are re- into a subspecies. For simplicity, a species is now redefined as a
lated thermodynamically. Fractional volumes of brine inclusions set of all scatterers with the same permittivity and shape. Let
and air bubbles change accordingly as the temperature of sea cb be the permittivity of the background. The inhomogeneous
ice varies. For brine inclusions, the size distribution has been medium has N scatterer species of ellipsoidal shapes (which can
reported to follow the power law il! and the shape has been ob- be reduced to spheroidal or spherical shapes) with vertical align-
served as substantially ellipsoidal i2l for large and medium sizes ment and random azimuthal orientation. Species i has permit-
and more rounded for small sizes. tivity cj, and a fractional volume f', in the mixture. Anisotropic

effective permittivity tensor of the inhomogeneous medium is &
When the temperature increases during a warming cy- sum of a quasi-static part and a scattering-effect part in the

cle, the shape of the inclusions becomes less ellipsoidal. For air following expression
bubbles, the shape has been considered as rather rounded in the 91-7'281Q0.00I 1992
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J,



[ef( 0o 0. form. Based on this observation, a slowly varying logarithmic
+ef! = [ ( S " (w, 0 (1) function is used to describe the shape distribution in terms of

0 0 f! wnormalized volumetric size and axial ratios of the ellipsoids.

When the temperature is increased during a warming cycle, the
where auxiliary permittivity 4g and dyadic coefficient • are de- shape of the inclusions becomes more rounded. This structural
rived from the condition of secular-term elimination, and the variation in sea ice is characterized with reshaping factors op-
effective dyadic scatterer Cff is approximated as crating on the maximum axial ratios. This thermal variation

depicts the smoothing process which makes the brine inclusionsN u 21r r f2s

R[jII,,I - f1 [dv d [od0 o [ , 1) approach the more rounded spheroidal form with increased tem-
( J,= J perature. For air bubbles, the shapes have been considered as

"d rather rounded in the form of spheroids or spheres. Therefore,"Z im, { k d [j.(i)IhtO;e(E')+ [ni]0} (2) the shapes of air bubbles do not change as much as those of brine

.1.P, inclusions and are assumed to be unaffected by temperature.

where i stands for species i(s). Quantity v is the normalized vol- Local correlation lengths of a scatterer can also be es-
umetric size defined as the ratio of the volume of a scatterer over timated by the equivalence condition between the correlation
that of the smallest scatterer of the same permittivity regardless volume and the volume of the scatterer with the same axial ra-
of shape. The integration over dv accounts for the size distri- tios 14]. When the size distribution is specified, local correlation
bution in the size range v, of the scatterers in species i. The lengths of a brine inclusion can therefore be calculated. Further-
probability density function of orientation is p,(o,3,-•) where more, correlation lengths also vary as a function of temperature
a, P, and -1 are Eulerian angles. Cg is the anisotropic Green's since the size of an individual inclusion changes with tempera-
function. *,, is the Fourier transform of normalized exponential ture. If section images of sea ice are available at the temperatures
correlation function with correlation lengths ii,,, £,(,, and t.. under consideration, sizes of scatterers are measured to obtain

(0) is local variance of species i. The condition of secular the correlation lengths. If the size measurements are only made
elimination (,7(f)) = 0 is imposed to find (=9 = diag((5 ,,5c,( 9 Z) at a fix temperature T,-,. correlation lengths at a different tern-
and then the integration in (2) is carried out to derive the effec- perature T can be estimated for undeformed ice with low brine
tive permittivity tensor. loss. Correlation lengths for air bubbles can also be obtained in

the same manner.
PHYSICAL DESCRIPTIONS

The constituents in sea ice are ice, solid salt, brine inclu-At rmicrowave frequencies, saline water in brine inclu- sions, and air bubbles. For the background ice, the real part of
sions has high permit'tivity which strongly affects electromag- permittivity is not sensitive to temperature; however, the imagi-
netic properties of sea ice. Size distribution of the inclusions has nary part is dispersive and varies with temperature. An empiri-
been reported to follow the power law iI-. The power-law distri- cal formula to calculate the imaginary part of ice permittivity as
bution in terms of normalized volumetric size is described by a a function of temperature at microwave frequencies is given in
power-law index p and the number density no of brine inclusions i1 For brine in sea ice, empirical formulas to compute complex
of smallest size. The normalized volumetric size is defined as the dielectric constants of brine in terms of temperatures and mi-
ratio of volume of an inclusion over the volume of the smallest crowa'e frequencies are reported in j6J. To determine fractional
one. When the total fractional volume, the minimum, average, Volumes of brine inclusions and air bubbles in sea ice. Cox and
and maximum sizes of the brine inclusions are measured. p and Weeks ;7i have provided equations, based on phase equilibrium,
no can be found and the size distribution is thus determined. At n nd salinity for the temperature
different temperature, volumes of individual brine pockets vary, inte of bl ic deniTh rato

-. 2 range of - 2 C to -30 C. The fractional volume of solid salt isBy assuming that volumes of all brine inclusions change at the low and will be neglected in the calculation. From chararteriza-
same rate and the density number of the inclusions is conserved.

tion measurements, input parameters to the sea ice model canthe Power index can be shown to remain unchanged as the tem- be obtained as discussed in this section.

Perature varies. If characterization data are not available at all
temperatures under consideration, the index obtained at a tern- RESULTS AND DISCUSSIONS
pMrature may be used at a different temperature when there is
no severe brine loss nor deformation. Otherwise. size measure- Relative permittivities of ice were measured !2, at CR-
mnents are necessary to determine the size distribution. For air REL by using the transmission method with wave normallv inci-
bubbles, the size distribution is derived in the same manner or dent on ice slabs: thus, only ceffj corresponding to the ordinary
Obtained from section images. wave were obtained. Ice slab 85-3 considered here was taken

from a saline ice sheet to a laboratory environment. Measure-It has been observed that the shape of brine inclusions is ments of permittivitv and physical parameters were made during
sub~tantially ellipsoid 12). From ici thin sections 12', only inclu- progressive warming of the ice slab from -32*C to -2°C at 4.8
lion'of Small sizes are seen to have a more rounded spheroidal GHz. During the process, there was some brine loss which can
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Abstract

Earth terrains are modeled by a two-layer configuration with a random permittivity described
by a three-dimensional correlation function with horizontal and vertical correlation lengths and
variances. Using the wave theory with Born approximations carried to the second order, this model is
applied to derive the polarimetric backscattering coefficients of the Mueller and covariance matrices.
From a physical point of view. the Born first- and second-order approximations account for the single
and double scattering processes, respectively.

For the isotropic random permittivity configuration, five out of the nine elements of the
covariance matrix are zero under the Born first-order approximation. For the uniaxial tilted random
permittivity case. the covariance matrix does not contain any zero elements. To account for the
azimuthal randomness in the growth direction of leaves in tree and grass fields, an averaging scheme is
developed in which the backscattering coefficients are averaged over the azimuthal direction. In this
case, the covariance matrix is described by four zero elements though the tilt angle is different from
zero. Applying the Born approximation to the second-order, the covariance matrix is computed for
the isotropic and the uniaxial untilted random permnitivity configurations. The covariance matrix
has four zero elements, and a depolarization factor is obtained, even for the isotropic case.

To describe the effect of the random medium on electromagnetic waves, the strong permittiv-
ity fluctuation theory, which accounts for the losses due to both of the absorption and the scattering,
is used to compute the effective permittivity of the medium. For a mixture of two components, only
the frequency, the correlation lengths, the fractional volume, and the permittivities of the two con-
stituents are needed to obtain the polarimetric backscattering coefficients. Theoretical predictions
are illustrated by comparing the results with experimental data for vegetation fields and sea ice.
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Introduction

For many types of earth terrain, the scattering effects due to medium inhomo-
geneities play an important role in the determination of radar backscattering coeffi-
cients. The volume scattering properties of a medium have been successfully modeled
by the random permitti-ity fluctuations Il]. The random medium is characterized by
a background permittivity and a random permittivity fluctuation modeled by a three-
dimensional correlation function with horizontal and vertical correlation lengths and
variances.

The objective of this paper is to develop a mathematically rigorous, fully po-
larimetric model to compute the covariance matrices in the backscattering direction
for different kinds of earth terrains with a two-layer configuration medium with ei-
ther an isotropic or an anisotropic random permittivity. Of all the analytical wave
approaches to the study of scattering by random medium, the Born approximation
is the simplest. An integral equation is first formed for the electric field using the
unperturbed Green's function in the absence of permittivity fluctuations. The inte-
gral equation is then solved by iteration with the iteration series known as the Born
series. With both the first and second terms of this series which respectively describes
a single and a double scattering processes, the polarimetric backscattering coefficients
are computed.

Scattering, Mueller, and Covariance Matrices

Consider an electromagnetic plane wave propagating in the direction k.

S= (Elh + E ,) e (1)

where E1 is the horizontal component, E, is the vertical component, h and i are two
orthogonal unit vectors satisfying the relation 1, x h = k. Consider an incident plane
wave ET impinging on a particle. This particle will radiate and the scattered electric
field E, can be related to the incident electric field Ti by the scattering matrix [2]:

E H V Ehi

The elements of the scattering matrix are complex and the relation VH = HV holds
[I] in the backscattering direction and for reciprocal media.

Instead of relating the scattered electric field to the incident electric field, the
modified Stokes vector, defined by [1], can also be used to relate the scattered Stokes
vector to the incident Stokes vector:

IHf = vE-- IV = IEý- U = 2Re(EE*) V = Im(E&E,) (3)
17 17 17 17
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This definition is chosen since the first two modified Stokes parameters represent the
intensity of the wave in the horizontal and vertical polarizations:(II

7 IV "(4)

In terms of the elements of the scattering matrix (2), the Mueller matrix M relates

the scattered to the incident Stokes vectors according to

7. = 7. (5)

is found to be( IHH12  I1Vt Re(HH. HV*) -Im(HH. HV°)

IVHI2  IVVl2  Re(VH - VVO) -Jm(VH. VV*)
2Re(HH - VH') 2Re(HV. VV*) Re(HH. V1' + MV. VHO) -Im(HH. VV*- HV- VH))

21m(HH. VR*) 2Im(HV. V'*) 1m(MH. VV* + V. VH*) Re(HH. VV* - HV- VH)
(6)

where all the Mueller matrix elements are real numbers. From the four ele-
mcuts of the scattering matrix (2), the covariance matrix may also be defined. In
general the cov-ariance is a complex matrix of sixteen elements. In the special case
of the backscattering direction and for a reciprocal medium, the covariance matrix is
transformed to a matrix of nine elements as follows

== (HH " HH)=12 HH" HV" HH.VVI )
V HV V V)= HV HH" IHVI2  HV. VV*

VV (VV -1W HHO VV -HV* V1

By comparing the scattering (2), the Mueller (6), and the covariance matrices (7).
it is easily seen that all the polarimetric information may be expressed in any of
these matrices. The covariance and Mueller matrices can be transformed to each
other since they contain the same information. However, from these two matrices,
the scattering matrix cannot be fully retrieved because the absolute phase factor is
not taken into account in either the coNa-riance matrix or in the Mueller matrix.

In our study of microwave remote sensing, the random medium model is used
to simulate the permittivity of the earth terrain. This implies that the simple case
of a single particle can no longer be considered but the ensemble average of the
electric field needs to be calculated. The polarimetric bistatic scattering coefficient
"-1,a.a(k, k.) is defined by 13]

"41; 47r,2 < E,.EO. > = Mrn 4irr 2  >_A- A cos Ooi E iE: i A cos 0,<
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where A is the area illuminated by the radar, r is the distance between the radar
and the observed terrain, and Ooj is the polar incident angle. Furthermore, k1i and
1. are the incident and scattered wave vectors, respectively. The subscripts s and
i stand for scattered and incident waves, respectively. Finally, jLr and ViC are the
four components of the scattering matrix where /j, r, v, and K represent either the
horizontal h or vertical v polarizations.

The polarimetric backscattering coefficient o,,.,,. is defined [31 from the bistatic
coefficient when k. = -

for..= "2- (ki,-k) cos Oo = lim 4-r <E.E,°> = <rn 4 U7r Vc* >A-w A EI.Ei A-- A
(9)

The polarimetric backscattering coefficients a,..,. are complex except the three -tra-
ditional" real-valued backscattering coefficients

OUmtwh - 0"

O,,,, 4o,, (10)

Similarly, the covariance matrix (7) constituted by the different polarimetric backscat-
tering coefficients can be derived

C= tim -- V .(( R HV vV)= VV, Ah. A,, nA-A IR I.(R7(CAi(1\VV k Gjh U•,., U,, 1
Therefore, the complete polarimetric information can be obtained by computing only
six backscattering coefficients in which three are real (Cah. a',., and a,,) and three
are complex (hh,,hh Ohhrr, ohr.,).

Formulation

Consider an electromagnetic plane wave impinging upon a two-layer random
medium configuration as shown in Fig. 1. The top layer represents free space with
a permittivity eo while the bottom layer has a deterministic permittivity (2. In
between, a layer with thickness d and extending infinitely in the lateral direction is
characterized by a random permittivity e1(P)

()= , + ( , + ) (12)

This random variable has a mean value el,, and a small fluctuating term eir() whose
average is zero. The wave equations for both regions may be written as

V x V x Eo(f) - ko-o(r)= 0 (13)
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V v x ,(E ) - klnEI(r) = Q(f)Ej(r) (14)

where E0(r) ard El(P; denote the electric fields fluctuation in region 0 and region 1,
respectively.

zz=

E,(?) =lm +E l.1 .1

Layer With Random Permittivity

z=-d

£2.5

Figure 1: Isotropic two-layer configuration.

Furthermore, the following variables have been defined

k2+ = C2 2,., = W2', l,,, Q(F) = W,,+",1,(Y) (15)

With the effective source term Q(T)T'E(r), (13) and (14) can be expressed in integral
form as follows

E0) =f I°i +fd3 1, 1(F,) Q(!)- 1•,(f 1 ) (16)

where 10"(f) and Vo)(T) are the specular or coherent electric fields in the absence of

random permittivity in region 1. Furthermore Gt(,?71 ) and Gil(?, i) are the dyadic
Green's functions for observers in regions 0 and 1, respectively, with the source in
region 1. Solutions to these two coupled equations can be obtained by iteration.
Substituting (17) into (16), the total electric field in region 0 is found to be in form
of the Neumann series

0= ()(.) + E •o"•(i) (18)

"i!rn
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where the nMh order field is given by

0, V) = d~f, ..--d'f. 5, o('f, I*)Q(vl).-GI,(f 1,F3)Q(F2).-.G i. ,-. )Q ,)-' (1;.) (19)

The so-called "Born first-order approximation" is obtained by letting n = 1 in
the previous equation. Hence

SM f d3f, Vol(1, F) Q(1j) -E(,o) (20)

and the -Born second-order approximation" is derived by letting n = 2

SOr)(),.= fd•,~ d'T ýGoj(F,Fj) Q(F,)- G,.,€lf2) Q(y2)- °(0)(T) (21)
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Born First-Order Approximation

a) Isotropic random medium model

Consider an electromaguetic plane wave impinging upon a two-layer random
medium configuration as shown in Fig. 1. For an incident electric field in region 0 of
the following form

Por) = [Eohih(-ko~i)e-'*t',' + Eo.jii(-ko0i)e--i&asI] e~i''• (22)

where h(-koj) and i6(-ko,0 ) are respectively the horizontal and vertical unit vectors
in region 0 associated with down-going waves, the coherent electric field in the random
medium is obtained 14]

'E)-)= {Eoi [AAjh(kji:,)eik1,j, + Bh-

+ Eo., [Aij?(ki.)eikt + B1 jb(-kj~j)e-i } c,'" (23)

in which the following coefficients are defined 13]
Ai = i2! R1 2 1 i2 d A = - kl F S2i 12

Bhl =X o-'- B.j = ko Yot___
D2i k, F 2 ,

D 2i 1 + R 21 R12i Ci2k1.d F2i 1 + SOiS12i e i2 kzl.d
ki- 1 4:j cbk42 i - kbi

R.•, S.bi ==.k o. + k44 etkazz + .,k=si

X.b. = 1 + Ru Ku• = 1 + S.b (24)

As can be seen in (23), the A coefficients are associated with the up-going waves while
the B coefficients describe the down-going waves. Under the far-field approximation,
the Green's function in (20) takes the following form in the backscattering direction
15]

Go(J, )= h(-ko,)Z'olh(f, f1-4 . i+'(-k-o,)Uo1 ,(T, fl) (25)

r'" [.Ah(k,:,)eI•", -,B,-.h-k,:,)e-"'&:1] eI e (26)

e=1" [A.ij(kjilje )ha'- -+ Be.,i.(-kj.i)cr-in&Ii] eCik''.A (27)

For each polarization, both 0o1(P. fj) and E° (Y() are constituted by a down- and an
up-going waves. Therefore, E; (Y) is formed by the sum of four different terms as
shown in Fig. 2. All the multiple reflections occurring at the boundaries are also
incorporated in the model and the backscattered wave is due to the single scattering
process under the Born first-order approximation.
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Figure 2: Physical interpretation for Born firt-order approximation,

To compute the polarimetric backscattering coefficients (9), only the componentsof the backscattered electric hield are needed. Furthermore, the polarization of theincident wave 11o)(F) is only along one dlirection., either horizontal or vertical. Withthe Fourier transform of the autocorrelation of the permittivity fluctuation for astatistical homogeneous random medium

< Q(FI)Q(T2)" >= ,U),2.,'p~ ~.,12/f-0 d•: ,.)-,.,-, (28)



1167

the ensemble average for the first-order backscattered intensity takes the following
form E " ) (2) - . 3

00 (r)EO (rQ) > = 6b'u 2j 1;,,,,I f d"A1d3?2 (d31 (1)e-5( -f'l

-(0) i--(1-P)
, E)-~ - ) [1Go1 ,(i, r2 )--,, (r, )jJ (29)

where r and K represent either the horizontal or vertical component of the transmitted
wave and p and v represent either the horizontal or vertical component of the r.,ceived
wave. From (23), the following term has been defined

I

10.o(T) = ,Eo4 ,Xop 6(pkii)eu1•`"zei*'' (30)

where a stands either for h or v, and p describes either up or down-going waves. In
a similar manner,

eikar I . .

GXoi(r, r) = er d(pkiti)e'P-"•etik'P" (31)

where the following definitions have been used

Xi = Ati XA.-. = Bh X.u = AX,.X-Ii = Bj (32)

Substituting (30) and (31) into (29), a sum of 16 terms is obtained

<E0•m") E0.-(,(r-" > = &E/'•126rr o.+E• j_ X,,pXqj A(pkli). - f(qkj,,)j

p~q. '.a - 1

As can be seen, all the polarization information is contained outside the integral.
Also, the intensity is expressed as a sum of sixteen terms since the electric field is
composed of four elements. With the two folowing scalar quantities

4 'P''"C = XiX,,iX•,,iXo, (3-4)

= jA(pkj:,) - f (qkl1 -i)j jV,(rk, _j) - iqsk, -i)r. (35)

(33) can be written as

<Eo',(r)Eo' (F) > = 16ir2r2 ------- i E T" dq d

Jd3 4P(3) -;;2) -e -ip. ."l '

" -e.... • "1 .dr(36)
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The integrals in (36) are solved by decomposing the variables of integration into their
lateral and vertical components. By using the property of the Delta function and
introducing the illuminated area A, the integration over the lateral variables T9, P2,
and 0, yields

< E",!J(') ' 6, 6 4p 2 1f 1 ' 1
2 = A4r2  EoTuEt f

€ = 2k,,0 ) e",iLpk,..+qk,..-.I -iZ2 [tki.'*'&i'. - ' (37)

In order to solve the last set of equations, let us define first the two complex quantities

a = pki.• + qk/,i b = Ir/kli + skLis]" (38)

Hence, the integral part of (37) may be written

J dz•d:2 eio;' e-b-; Ji.3 '( = 2M,.) e-L(152) (39)

Due to Cauchy's theorem, the integral over %.- yields the following expression by
distinguishing two cases depending upon the sign of -i - Z2

f d13= 4(2k,,/31) ei(ux-2) - 27ri Res$t(2-,i,fl+)e-'O-ý(st-z2) if zi < 2 (40)
I-21ri Resv(2"k,,i-)e-(1-22) if z, > :2

where it is absumned that the spectrum density (',,3:) has only one pair of complex
conjugate poles at ý. = 3ý, and 4(;,.06) vanishes everywhere on the infinite circle.
For the random medium of infinite lateral dimension and vertical extension from
z= -d to : = 0, (39) becomes

2,ri Res4( ', = 2k,,, iz+) dzf dz2 ei=i(-)e-:"(-•)

- 27ri RevD(3, = 2-,,.0) .fd:1  dZ2 e (41)

For Res(ý, = 21-,i,,) = -Res(T, = 21-,i, ,), these integrals may be easily solved
to get

21ri Res$(3ý = 2-,,j3 +) [ 1 - -(°-0.)d 1 - '(a-b t

I ((a (b--(ý) - (a- b)3( b- 3 .: )

-t(a -b) (b-3' - (a-.7 (- /37 (a /3' (b -/37(2



1169

To simplify the expression, let us define the foUlowing term

I• (a 6::(b ,) -(a- b) (b- P=t) + (4 - b) (b - 0;)

Cei(b-ft' )dr e- i(4-6)d1 - (43)

(a-1f.) (b-13;) (a- ' (b-I3:) (43)

From (38), a is different from b for most cases because of the complex conjugation.
However, for the special case when a = b = 0, (43) may be written as

Ms= [1 - ei'-1d id id I - e- ] (44)

33+2 +7.+-T.+ "13.- '

Substituting '43) and (44) into (37) and using (9), the polarimetric backscattering
coefficients are found to be

I
= 21T26W•4/ 2I 1.I 2 iResA'('•= 2kL. +) q -,...- -,.. I" (43)

p=P, P,(=-1

Only three polarimetric backscattering coefficients are different from zero. This comes
from the factor D•,` in (35). They are zero due to the definition of the unit vectors
[3). Hence, the final results are

ahh= 21r b26WI 21•l 2 iRest(-3, = 2h,,,O) h.hhr
-1

CM.,, = 27rt6w1p21,.,1I iRes4(3,P = 2k,.,+) • ' , fV T ,, r(6

p~q~v.=-1

Ga, = Ohv.A, = oaAA. = oah,. = 0 (47)

For an autocorrelation function for the random permittivity (12) of the form

•( E()E1 (T2 )" >= 6Ieql, 2 e ', e-,e , (48)

where 6 is the variance, 1, and 1, are the lateral and vertical correlation lengths,
respectively, the spectrum density (28) is given by

1,2z
(,,d,.-= ( 1+ 2) (1 (49)
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The spectral density goes to zero as ý tends to infinity satisfying the requirement for
the complex integration (40). The poles j3 of the spectrum density are cbtained

i*3 . .50)

Furthermore, the associated residues are found to be

Res4'(j3, ,13,4) = .-
2 1 + #.p 1+32

b) Anisotropic random medium model

In order to describe earth terrains exhibiting an anisotropic behavior. the ran-
dom permittivity is chosen to be uniaxial in a tilted coordinate system 461. Earth
terrains such as sea ice and corn fields display such a property. From (12), the random
permittivity is written in a tensor form

()= + 14(f) •52)

where fej(T) is a function of position characterizing the randomly fluctuating com-
ponent of the permittivity. For the random medium, it is assumed that both 7e,.
and =ef(F) are uniaxial in a coordinate system zy'z' tilted respectively at an angle 0.
ip, around the t aids as represented in Fig. 3. In this tilted coordinate system. the
permittivity tensor 21. takes the following form

l 0
Elm = el 0 (53)

0 el'

In the coordinate system z.yz, the permittivity tensor can be expressed as

/ 0 o '

E= 0 C2 2 a2 (54)
\0 32 (33

where

e11 = f1

f 2 2 = ( cos2 + el, sin 2

f23 = E32 = (fl, - el)sin1cosio
S= (I sin2 0 + (Is cos2 v (55)



Optical axis cf *he

4 -ermitlivity ;enso!

Figure 3: Geome:rical configuration of the permittivity tensor in an anisotrc.;:c
rando= medium.

Similar equations may be written for ?l,(F) pith ,the tilt angle Vf. From (20), the

"Born first-order approximation" yields for the anisotropic case

= J d31 Go(;!,-(!,-,( (56)

where Q(f) o Pu,(). Using Euler notation and decomposing the electric field in
horizontal and vertical components. the ensemble average for the first-order backscat-
tered intensity may be written as

3

(E'(,1(-)EO'.(T) > d I d1d 3YT2 [Go01~1(?,Y 1)E'O(rI)]

[GoI.,(Y- o, 2)tjO.,(r2) < Qj&(fl)Qi*,.(y2) •> (57 i

where the average of the components of the electric field has been computed by defin-
ing p and v as the received polarizations and r and K as the transmitted polarizations.

As shown in Fig. 4, a horizontally or a vertically polarized incident electric field
will generate both an ordinary and an extraordinary waves, due to the anisotropic
permittivity in region 1. defined by their respective wave numbers 161

. .=- ,,. c .-
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=~u e2 3 ky p(IfI.33 - t'1c3 3k22,- ec1(1 2
(2 33' f31'1I

k3 WM- 1  ( 1 .( 33 - C(033k. - Coli.k, (58)
(33 f33

Z

h(-k@2o) kos

a) 
kpi

a) -. Z ___

i~z= % Ordinary wave

k• Extraordinary wave

,2

b) '

Ordinary wave
Extraordinary wave

Figure 4: Ordinary and extraordinary electromagnetic waves excited by the ani-sotropic random medium. (a) Horizontally polarized incident electric
field. (b) Vertically polarized electric field.
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The components of the unperturbed electric field X(( and the Green's function
G•o 1(•,V) may be written as [7)

• (4) = p_ F PXo , H .) e' 1S"'e, P'" (59)
p~.o,-o,eu.ed

e1 = • X.,. P(k•,)e"'•..' e'-";, (60)
4-r .

where a stands for either h or v, and p describes either an ordinary up-going wave (o),
an ordinary down-going wave (-o). an extraordinary up-going (eu), or an extraordi-
nary down-going wave (ed). Both the incident electric field and the Green's function
are formed each by four terms meaning that backscattered electric field computed
with Born first-order approximation will be constituted by sixteen terms. Further-
more, the coefficients X0 ,i, the unit vectors P(kl,•, and the wave numbers L',• take
on the following expressions depending on the value of p

p =o =Z :,P = kl*., ,(k•.i) = 6(kl,) Xo,, = A..,
p = - 0 =s ex., - kj*., P(kj,) = Z<- kj.,) Xo,• = B°.,
p = CU C. k., = ki, P(k) = i(k) X,, = ,.

p ed =o e.. = kf" ,(kP.,) = i(k, Xo,, = B.ei (61)

Hence. substituting (59) and (60) into (57) yields

4 1 2C,2 ed
< E• (r1))EO(. (r)* >= Id Eo-,Er2j E

16r 2 r2  jS,~ 0.sP8-dhJ,ml e4.,J=,o

(62)

As can be seen, all the polarization information is contained outside the integral.
The parameters p. q. r, and s can take the values o, - o, eu, or ed as described in
(61). The intensity is hence given by a sum of 256 terms. For each of these terms, 81
products (sum over jklm) have to be computed due to the anisotropic behavior of
the random medium. In order to simplify this result, let us define the two following
scalar quantities

= x,,X.iX,' (63)

•,,- =•(k,)•.(kL,)- ] [r(k1,),. -(:.,j).j* (64)
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Hence, (62) may be written

W ' lll23 ed

E o ,, ( r)E oý (F )' E a 1 6 rjr- jkl

(65)

By following a similar procedure as in the Lsotropic case described in (37) through
(45), the pdraneters a and b are first defined as

a = k + k b = kr., -i+ k2J* (66)

By assuming a spectrum density $(4 ,,3 ) with n pairs of complex conjugate poles
at ý3-, * and defining the following factors

1.- e=I(°'n.)d I -(67)

- (a- it) (b-/3*) (a- b)(b-I3+) (67)

1 -e- 0- ) e i(&-' ;)d _ -_(_-__ __ _(68)" ,-a = ,- b) (b- •,)- (a - 0.-.) (b - j3..) + (a - ,3;.)COb- .0.:.) CS

the six polarimetric backscattering coefcients (11) are finally found to be 181

ed 3

Gja•ag = 2.'7 ".2W4 ,I2I • E -,.°• C E f
P2 ,42 j2J.mA I

i~ R~s4ji(,3 =21,i,,3) I:ý' - Resl4',&a(3 21k,,) IY,"} (69

Compared to the results of the isotropic case shown in (46) and (47), there is no zero
elements. This is due to the anisotropic behavior and the excitation of both ordinary
and extraordinary waves.
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Born Second-Order Approximation

For this case, only the isotropic random permittivity vill be considered. From
(21), the second-order scattered electric field is given by

-Eo )= fd'3, d3 ;2U o(;,-f) Q(T,) -,(f,,2) Q(2). El (F2) (70)

where EL_(f) and G01(T.Yj) are given by (30) and (31), respectively. The Green's
function G?11(! 1, 2 ) relates the field observed in region 1 at a position F, due to a
source in region 1 located at T2. It takes the following form from f9]

9=V, 2 f-! Id 21,f 11(ko, ZI, 2) ' haz)f:1 > :2 (71)
=ir2  < 1, ZI < Z2

where

1 ,<(k1,,zi,z12 )= C, , e &'Ie i"hZ j C<',(!-,) &(qk•:)&(-rki.) (72)

o=<,

1 z =T e'A C,,,(1,) &(qkl:&(-rki,) (73)

Here a denotes the polarization direction along h or v, and the coefficients C take
the following values [3]

c•,,(!,) = C.,,(,) = ,. C 2,_,(D) c 11(1_,,(L) = 11D2

= ~1 .1(,)=RxoR12ei
2k&ld/D 2  C'.1.(k)= = R10/D2

C,,>jl1 (k,) = C.jj (i,) =S 12C"/ 2 C' 1~, 1A 1 (, 2 1/ 2

CýZ11(kjp) = Cqjl1p = SIOS 12  I adF 2  C.IJP =C,_ 1_1(i:,) = S0
(74)

The physical meaning of the Born second-order approximation (70) are interpreted
based on the fact that Go,(?'.FP. Gl(f 1 .v2 ). and 11=(r() are composed of a down-
and an up-going wave for each polarization. Therefore. l 1(f ) is formed by the sum
of sixteen different terms as shown in Fig. 5. All the multiple reflections occurring
at the boundaries are accounted for and the backscattered wave is due to the double
scattering process under the Born second-order approximation.

With (30), (31), and (70), the ensemble average for the second-order intensity
is given by

< oE(Fr) E'0(F) >= d3rad3 rFd3r. < Q(1 )Q(12)QV(3)Q(F4)" >
-- (o) _ -- F -- (o (75
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where j, P, r, and r. represent either the horizontal or vertical polarization. Further-
more, p and v are associated with the receiver whereas r and ic are associated urith
the transmitter. By assuming gaussian random variables and considering only the
backscattering direction, the random term of (75) may be written as a sum of two
terms

< Q(FI)Q(P2IQ(f3)* Q(f4)" > =< QV I)Q(f3)* > < Q(f2)Q(.f4)" >

+ < Q(fl)Q(: 4)" >< Q(f2)Q(f 3)" > (76)

GO1 J ,PT) x G 11(,n'r2 ) x gf°)•2)

r2

Figure 5: Physical interpretation for Born second-order approximation.
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Similarly to (28), by using the spectrum density of the autocorrelation function and

integrating over the lateral variables, the ensemble average takes the following form

r-E(2) E~(2) o b26 JU4 11~.14A-
< Lo" F)EO. () > 16r EjEO,, I d2k-, Jd: dz~dz3 dz4

JdI3:id13~2  0.0~, 'kWI-pi$k, - lp 0.2) Ii1

where the followuing terms have been defined

= XmX. '.i'. X':i.*. (78)

Wr~~f' ,) - [jiCpkli). - (qkj3 ) 6(- rkl,) -f sj)

[f.'(p'k 1 i) - j'(q'k12-) !(- r'ki,) -k(s'kii)]- (80)

flprvi 9
9''i' - f(pkI1 j) - (qkl.).&(-rk1 .) -fjj.~

*f('l-i jr(-q'kl:) 'j(r'kjh) -k(s'k 1 i)] 81

In the polar coordinate system, (77) becomes

12~() E( - b2,jg P41(Em14;rA E. dfzd 2dzad:4
< EO (T)E'02)(Y;* > 64r 2  E.i;ifA zd

Wrd' { - (k,,)Jd.3:id3z2 4'(L,,j + k, .j3 I) 4ý(kp k, 3-2)

eiO3(1I:3) e0.2(-2-24) + 4-3~rek J.10.d32 'I'(kpi +kpO- #)

1ki- Lk,1. 02 )c,5 I(Z1-Z4) e- 0.2-2-23 (82)

where the integration over 0 has yielded [3]

7r fo du ram"~ a( ) P.J'(kP) (83)
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4 J 2wdSid0 1~rA"•'.'( - , = M"-o- -"•, , kDI

Using the Cauchy's theorem. the integration over .3 1 and 3.2 may be carried aut
The final result for the polarimetric backscatteriug coefficients are ubta.ined '3,

7, 1'462 WiA41elmi 4 fdk, p iRes (k, - k,, r;

1 1

iResP(k,, - k,I ,.) T -I
{ q,',r:""(k,,) M4Tj8'P.•r,'"(ko) N••';.""(, .pqrjp•,r*" (k,}

11".11-1--.1-1 pra. P , (1.- 2

The factors M and N are defined in 13]. It is noted that the inttgrL qvr: i'. :e.1ULc.
be solved analytically but only numerically. Frorn the integration over ;ae ,tzlmutha.
variable o in (83) and (84). it is found that o = OhAT = 0. However. tatr

depolarization term ah, is different from zero, unlike the result obtained with the
isotropic Born first-order approximation.
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Results

a) Born first-order approximation

With the Born first-order appioximation, the polarimetric backscattering coeffi-
cients have been obtained for the two-layer isotropic and anisotropic random medium
configurations. For the anisotropic random medium. the depolarization term a,, # 0
exists even with Born first-order approximation. In general, all the backscattering
coefficients ath, ah,, a ,. ,,, UaAhy, Oh..., are different from zero for the anisotropic
case. However, when 0 = ý'1 = 0* but el i cl,, no depolarization term is obtained for
this uniaxial untilted case and a.h. = ='hhu =h, = 0. Also, for iP = 0 but /'1 t- 0,
the non-zero depolarization terms jhhr and ah... are obtained. Finally. when t' - 0.
all the backscattering coefficients are different from zero. In a similar manner, when
4 = 900. implying that the plane of incidence contains the scatterers, there is no de-
polarization factor, and only three backscattering coefficients are different from zero
(at. = ahhh, = ahv, = 0).

Fig. 6 illustrates dependence of the backscattering coefficients on the angle
of incidence for Oat,, a,, and oh, for a two-layer configuration, and these results
are matched with experimental data for sea ice taken in 1984 in Point Barrow in
Alaska by [10j. The input parameters el, el, 6, and 6, are obtained using the strong
fluctuation theory developed in f11]. The tilt angle is chosen to be 0 = J,! = 20%,
and the azimuthal angle is assumed to be 0 = 20*. The good correspondence is
noted between the experimental results and the theoretical predictions. Fixing the
incident angle at 800 = 40* in Fig. 6, the co.-ariance matrix for the backscattering
coefficient (14) is shown in Fig. 7. As can be seen, this matrix does not contain any
zero elements.

For an earth terrain medium such as trees or grass, leaves grow randomly in the
azimuthal direction. This can be modeled by assuming that one patch illuminated
by the radar is oriented in a certain direction whereas the next patch is oriented in a
different direction and so on. To obtain the backscattering coefficients. the average
over many patches should be taken. This model is used in the theory by assuming
a fixed direction of the scatterers but modifying the position of the radar over the
azimuthal direction. This is shown in Fig. 9 for grass and in Fig. 9 for trees where
both these vegetation fields are simulated by averaging the backscattering coefficients
over o. The step of averaging is Ao = 10. Though the tilt angle t, is different from
zero, there is a depolarization factor (ah, •= 0). but , = aht, = 0. This is due to
symmetrical reasons because the contribution of these two backscattering coefficients
at € is cancelled by the one at 180" - 4. Also in Fig. 8 and in Fig. 9. experimental
polarimetric radar data obtained by MIT Lincoln Laboratory are displayed [14). The
frequency of operation was 35 GHz, and the angle of incidence was 82" (depression
angle of 8"). The radar illuminated on a vegetation field consisting of either grass or
trees at a range of - 2 kin. A good correspondence between the theoretical predictions
ard the experimental results is obtained.
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#(=200 f Gz

z 0
E, =(3.55 +i 0.0665)to

~V -200 Vf 200 SEA ICE
8=0.269 Bz = 0.528

P= 0.7 mm =z1.1 MM

z =- 1.65 m

G[dB] C2= (45 + i40) E

-15

Hv

-20

-25
H Ow

C VC

-35 C:
.....................

C

C
-40 r 0 hv

10 20 30 40 50 60 70L 0

Figure 6: Backscattering coefficient at 9 GHz as a. function of incident polar angle
matched for sea ice.
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00i = 400
0 = 2 f=9 GHz

z=0
1 =(3.55 + i 0.0665 ) to
lz 2= (3 .7 1 + i 0.134) to
f = 20* ° wf = 20° SEA ICE

8 = 0.269 8z = 0.528
IP =0.7mm Iz =1.1mm

z = - 1.65 m

£2= (45 + i40) Eo

Covariance matrix:

8.43 0.23 + i 1.18 9.40-i0.761

10-3- 0.23 - i 1.18 0.39 0.02 - i 1.34

9.40 + i 0.76 0.02 + i 0.134 10.6

Figure 7: Cowa-iance matrix for the backscattering coefficients at 0 - 40* for
sea ice.
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• ", =820 f = 35 GHz

z-0

Fi = (1 .03 + i 0.0036 ) %
Eiz = (1.03 + i 0.04 6) Eo
w= 26* f = 26° GRASS

= 0.066 8z = 2.02

11=0.4mm IZ =3.5mm

z=-0.1 m

E2 (6.0 + i 0.6)'Eo

Chh (dB) Oh- 0w Re(Fhhw) Im('hhw)

Experiment -14.5 0.19 1.4 0.54 0.03

Born -14.4 0.17 1.3 0.59 0.04

Figure 8: Covariance matrix elements for grass region using the average over the
azimuthal angle 0 6ith AO = 1". Experimental measurements and
theoretical calculations are shown.
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0=820 f= 35 GHz

z=0
E, =(1.0233+iO.0013)E

S= (1.0233 + i 0.02 ) EO

V = 250 ° 4f = 25* °TREES

5 = 0.0451 8z = 0.9644

IP=0.5mm IZ =3.5mm
z=-lOm

e2 = (6.0 + i 0.6) -0

0 hh (dB) .v w Re(ah) Im(ahhw)
Ghh (Fhh 4(h Yv-FYh(v

Experiment -10.8 0.12 1.2 0.64 0.01

Born -10.6 0.12 1.2 0.65 0.05

Figure 9: Covariance matrix elements for tree region using a-e average over the

azimuthal angle o with Ao = 10. Experimental measurements and

theoretical calculations are shown.
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b) Born second-order approximation

Unlike the isotropic Born first-order approximation, a depolarization factor
aA, # 0 is obtained with the isotropic Born second-order approximation [9]. Fur-
thermore, it was shown that a0 hA, =aA. = 0. Hence, the covariance matrix can be
written from (11)

= OhA 0 hAA.,

C 0 Oh, 0 (86)

4.,, 0 a.,

Although a mathematical proof has been used to show that five elements of the covari-
ance matrix are zero, this fact may also be illustrated from a physical point of view.
Let us concentrate on the term a.,h, which is proportional to < VV. HV* > from
(11). By assuming that a vertically polarized electric field is transmitted. symbolized
by i, in Fig. 10. the product of the waves polarized in the horizontal and vertical di-
rections at the receiver is taken. The wave hits a first scatterer at position fI and then
hits a second scatterer at position V,. At that location, the electric field r induces a
dipole which can be decomposed into horizontal and vertical components. From that
point, the wave is backscattered and the receiver collects either HV* or VV. Due
to symmetry reasons, the second scatterer may be located at position f. The corre-
sponding electric field E" is decomposed into a vertical component and a horizontal
component which is in the opposite direction from the component created by Y. At
the receiver, either HV* or VV is collected. In order to obtain o,,,,, the product
of these two quantities must be taken. However, the product created by the location
at X, will have an opposite sign from the one created at the location 2. By taking
the average, these two contributions cancel and a,,h, = 0 is obtained. Similarly for
every point, there is a symmetric scatterer which will cancel its contribution.

The depolarization factor is proportional to < HV - HV/ >, i.e., a vertically
polarized electric field is transmitted and the horizontal component of the scattered
field is received. Unlike the term < VV. HV* >, both quantities HV and HV* due
to the dipole at location V'• are in the opposite direction from the ones created by the
scatterer at !. This implies that the product of the two quantities, which have the
same sign independent of the position of the second scatterer f2 or F, renders the
average backscattering coefficient a,, different from zero as shown in Fig. 11.

Fi
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Incident wave t

First scatterer at f( <

r2 r2

-h -

Second scatterer at T2

Backscattering HV* HV"

vv W

"igure 10: Interpretation of the term < IV. Hl- > with the Born second order
approximation.
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Incident wave I

Ik

First scatterer at 1
C-D

-h " "' h
Second scatterer at f2 E. (I .. , V

Backscattering
HV - - HV

Figure 11: Interpretation of the term < HV'. Hl- > with the Born second order
approximation.
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c) Strong permittivity fluctuation theory

The variance of permittivity fluctuations is usually large in geophysical media

consisting of mixtures of constituents with very different properties. With the di-
agrammatic approach f11, the propagation and scattering in random media can be
studied. The diagrammatic approach leads to the Dyson's equation for the mean
field. It should be noted that in solving Dyson's equation with the bilocal approxi-
mation, both the observation point and the source point within the random medium
can coincide with each other in the domain of integration. To take care of the singu-
lar nature of the dyadic Green's functions, a strong permittivity fluctuation theory
that applies to both small and large variances of the permittivity functions has been
developed f[i].

The mean field and the mean Green's function are calculated by replacing the
medium with an equivalent medium having an effective permittivity which accounts
for losses due to both absorption and scattering.

It should be emphasized that the effect of the random medium on electromag-
netic waves is better described with the strong permittivity fluctuation theory than in
the case of the traditional "weak permittivity fluctuations". For the case of a random
medium described by a mixture of two components. only the fractional volume, the
correlation lengths. the permittivity of the two components. and the frequency are
necessary to describe the effect of the earth terrain. The other parameters, that is
the variances and the mean permitti-ities, needed for the Born approximation are
computed with the strong permittivity fluctuation theory.

In order to illustrate the results of the strong permittivity fluctuation theory.
we compare ahl in Fig. 12 obtained with the weak permittivity fluctuation theor"
compared with the strong permittivity fluctuation theory. We use a correlation func-
tion exponentially decaying in all directions with I, = I1 = 0.3 mm. The physical
parameters chosen in Fig. 12 characterized a layer of dry snow 113]. In Fig. 12.
we plot ohh in the function of the frequency for Oo, = 600. As shown. the results
obtained with the strong permittivity fluctuation theory are smaller than those ob-
tained with the weak permittivity fluctuation theory. This difference gets larger with
increasing frequencies. This is due to the fact that the losses due to scattering, which
increase with increasing frequencies. are taken into account in the strong pernmittivity
fluctuation theory.
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0,60 0

____ ____Z=O
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f, =25% DRY SNOW
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Figure 12: Backscattering coefficient a~h in function of the frequency computed
with the weak and strong permittivity fluctuation theories.
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